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ABSTRACT 
Reconstructing the Holocene Arroyo History of the Upper Escalante River, Southern 
Utah, Using Optically Stimulated Luminescence (OSL) and Radiocarbon Dating 
by 
Anne E. Hayden, Master of Science 
Utah State University, 2011 
Major Professor: Dr. Tammy M. Rittenour 
Department: Geology 
 
Arroyos are steep-walled, entrenched, typically ephemeral streams commonly 
found in dryland river systems that form when streams incise into previously deposited 
alluvial fill.  Arroyos in the southwestern U.S. have been studied extensively following the 
historic period of arroyo cutting in the late 1800s and early 1900s A.D.  The upper 
Escalante River in south-central Utah similarly began incising in 1909, and records 
evidence for past cut and fill cycles in well-exposed walls along the now continuous 
arroyo.   
Establishing robust geochronologies of past arroyo cycles in these fluvial settings 
has been difficult.  Recent improvements in accelerator mass spectrometry (AMS) 
radiocarbon (14C) and optically stimulated luminescence (OSL) dating provide an 
opportunity to link more highly resolved fluvial records to existing paleoclimate records.  
This allows hypotheses regarding the causes of arroyo cycles to be tested, and for the 
role of climate versus intrabasinal characteristics to be examined.  
One major objective of this research was to examine the applicability of OSL and 
AMS 14C dating in the upper Escalante, as both methods have proved problematic in 
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similar settings.  In total, 37 ages were obtained, 21 OSL and 16 14C ages.  The 
Holocene fluvial history of the upper Escalante River was reconstructed using these age 
results and stratigraphic relationships. 
The chronostratigraphic record developed in this study suggests that at least six 
arroyo cycles have occurred in the upper Escalante since the middle Holocene, with 
incision occurring ~4.4 – 4.2 ka, ~2.6 – 2.4 ka, ~1.8 – 1.5 ka, ~1.0 – 0.9 ka, ~0.5 - 0.4 
ka, and during the historic period of arroyo entrenchment.  While semi-synchronous 
arroyo cutting (indicative of a climate signal) appears to have occurred in the Paria and 
Escalante drainages over the last 1 ka, correlations between proximal drainages are less 
clear prior to 1 ka, although this may be due in part to preservation effects.  Overall, 
linkages to specific climate regimes and correlations to regional drainages are difficult to 
identify, suggesting that internal geomorphic thresholds are important in determining 
when arroyo entrenchment occurs in individual catchments. 
(235 pages) 
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CHAPTER 1 
INTRODUCTION 
Research for this Master’s thesis project was undertaken to study arroyo cut-fill 
cycles in the upper Escalante River in southern Utah.  Arroyos are steep-walled, 
entrenched, usually ephemeral streams commonly found in dryland river systems that 
form when streams incise into previously deposited fine-grained alluvial fill.  The study 
addresses how this semi-arid river system responded to mild to moderate climate 
perturbations over the Holocene epoch, and also adds to the growing body of knowledge 
regarding optically stimulated luminescence (OSL) dating applications in fluvial systems.   
Understanding how river systems have responded to past climate change is 
extremely important for understanding and mitigating the impacts of future predicted 
climate change in the southwestern United States, particularly as populations in the 
region continue to increase.  One of the past impediments to tying records of river 
system dynamics to climate change has been the lack of dating resolution.  Advances in 
radiocarbon (14C) methods (particularly accelerator mass spectrometry (AMS) 
techniques) allow analysis of smaller sample volumes than was previously possible.  
Additionally, the development of OSL dating allows for better resolution of river system 
responses because sand is easily obtainable in these settings.  When used in 
conjunction with the growing body of paleoclimate literature, such improved records will 
allow greater insight into the role of climate change on semi-arid rivers of the southwest.  
Ultimately, Chapters 2 and 3 of the thesis will be modified for publication, probably in the 
journals Quaternary Geochronology and Quaternary Science Reviews, respectively.   
Chapter 2 focused on the dating techniques used in this study (AMS 14C and 
OSL dating); major research objectives included recognizing and overcoming potential 
problems associated with each method, and assessing each method’s reliability in the 
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study area.  OSL ages may have problems with incomplete bleaching in fluvial settings, 
while 14C ages may be too old due to reworking of older charcoal and/or the 
incorporation of old wood.  For this reason, a sampling strategy using both 14C and OSL 
dating was utilized in the Escalante River headwaters (a total of 18 charcoal samples 
and 21 OSL samples were analyzed and are discussed in detail).  A comparison of the 
ages obtained from both methods was reported, and each method was assessed for its 
reliability in this setting.  The large number of samples collected in this study allowed for 
a determination regarding whether problems encountered in previous studies could be 
surmounted.   
Chapter 3 used the geochronology developed in Chapter 2 to examine the 
Holocene arroyo history of the upper Escalante River.  The main objective of this study 
was to reconstruct the fluvial history of the upper Escalante by developing a robust 
chronostratigraphy.  In combination with the geochronology, surficial mapping as well as 
detailed stratigraphic description and interpretation contributed to a more in-depth 
understanding of the upper Escalante River’s response to climate fluctuations and/or 
other factors.  In addition to better constraining cut-and-fill episodes, the improved 
geochronology extended the fluvial history of the upper Escalante River beyond ~2.5 ka 
(the previous geochronology limit as reported by earlier workers (e.g. Webb, 1985; 
Webb and Hasbargen, 1997)).  The geochronology was compared with other river 
systems and with regional paleoclimate records in order to examine existing hypotheses 
regarding the relation of climate and arroyo cycles.   
Chapter 4 presents a description of mapping methodology and map units, and 
Chapter 5 discusses conclusions along with recommended directions for future 
research. 
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CHAPTER 2 
GEOCHRONOLOGY OF THE UPPER ESCALANTE RIVER 
ABSTRACT 
 
Arroyos in the southwestern United States have been studied extensively over 
the past century following the well-documented period of arroyo cutting in the late 1800s 
and early 1900s.  However, establishing robust geochronologies in these fluvial settings 
has proved problematic.  Recent improvements in AMS radiocarbon (14C) and optically 
stimulated luminescence (OSL) dating provide an opportunity to test existing hypotheses 
regarding causes of arroyo cutting with greater precision than previously possible.  Most 
chronologies of arroyo cycles are based on 14C ages, although these dates can be 
problematic in fluvial settings due to reworking of older charcoal.  Further, charcoal may 
not be suitably located in a deposit to best constrain the timing of aggradation and 
degradation, limiting the resolution of the record.  OSL samples can be collected from 
any unit containing quartz sand, allowing better chronologic constraints on arroyo cycles.  
However, OSL ages may have problems with incomplete bleaching (resetting of the 
luminescence signal) in fluvial settings.  For these reasons, a sampling strategy using 
both 14C and OSL dating was utilized in the Escalante River headwaters of southern 
Utah. 
A total of 37 ages were obtained, 21 OSL and 16 14C ages.  Most OSL samples 
showed signs of incomplete bleaching, necessitating the use of a minimum age model 
(Galbraith et al., 1999) on all Holocene small aliquot samples and the use of single-grain 
analysis on the other 12 Holocene samples.  Given the low luminescence response of 
samples in this watershed (11 – 44% of grains responding), all single grain ages are 
preliminary at this time.  Although preliminary ages are generally stratigraphically 
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consistent with other samples, some very young samples (< 1 ka) proved problematic 
and need further analyses.  Although single-grain analysis is more time intensive, we 
confirm that it is particularly useful for dating incompletely bleached and/or young (< 1 
ka) fluvial sediments in this setting.  
2.1. Introduction and Background 
Arroyos are steep-walled, entrenched, usually ephemeral streams commonly 
found in dryland river systems (Graf, 1983); they form when streams incise into 
previously deposited alluvial fill.  Study of arroyos in the southwestern United States was 
initiated following the well-documented period of arroyo cutting in the late 1800s and 
early 1900s.  This wide-spread and nearly synchronous phenomenon was economically 
devastating to settlers in the region.  Since that time, population growth in the semi-arid 
southwest has increased dramatically, and more people are living, working and 
recreating near these dynamic fluvial systems.  Climate models predict greater 
temperature extremes and more frequent floods and droughts in the southwestern 
United States under increased greenhouse gas conditions (e.g. Diffenbaugh, 2005; Kerr, 
2008).  Therefore, it is important to understand the response of these fluvial systems to 
past climate change in order to predict hydrological and geomorphic response to future 
climate change. 
Historical records indicate that high-magnitude flooding events are the main 
trigger in initiating historic arroyo incision (e.g. Leopold, 1951; Webb and Baker, 1987; 
Hereford, 2002). However, there is disagreement regarding the climate conditions 
needed to set up a system for arroyo cutting.  Although an impressive number of 
streams in the southwest incised into their alluvium in a broadly synchronous manner 
during the period of historic arroyo cutting, not all alluvial streams incised.  Therefore, it 
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is likely that certain threshold conditions as described by Schumm and Hadley (1957) 
must be met in the system before incision can occur.  While many workers (Leopold, 
1994; Bull, 1997; Hereford, 2002) have pointed out that aggradation is the dominant 
mode in all of these systems, most studies have focused on constraining the shorter 
duration incision events.  Reconstructing a fluvial history that examines the timing of 
both aggradation and incision in relation to past climate will allow a greater 
understanding of past and future geomorphic changes. 
Research along Upper Valley Creek in the upper Escalante River drainage (Fig. 
2.1) focused on the identification of unconformity bounded fluvial sequences in order to 
develop a robust chronostratigraphy.  Upper Valley Creek does not display multiple 
levels of preserved terrace deposits.  Instead, there is one major terrace surface 
representing the historic floodplain prior to arroyo incision in 1909 A.D.  Distinct alluvial 
packages expressed in the arroyo walls were dated using AMS 14C and optically 
stimulated luminescence (OSL) dating to extend and refine the geochronology presented 
by Webb (1985) and updated by Webb and Hasbargen (1997).   
One of the major impediments to examining hypotheses regarding the role of 
climate in arroyo cycles has been the difficulty of precisely constraining those cycles due 
to problems with obtaining 14C samples from key positions within the stratigraphy.  
Further, reworking of older charcoal is a concern in fluvial systems, because materials 
being dated are always older than the target deposit (Gillespie et al., 1992). 
OSL dating provides an age estimate for the last time sand grains were exposed 
to sunlight prior to deposition of the sediments being dated (Huntley et al., 1985).  One 
of the main advantages of using OSL dating is that it allows for greater control in sample 
placement in order to bracket past arroyo cut-and-fill cycles due to the abundance of  
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sand for dating in most fluvial systems.  OSL samples can be systematically collected 
from any unit of interest containing quartz sand. 
In addition to providing more sampling opportunities in the field, the use of both 
dating methods provides better age control.  Although there is abundant sand in the 
fluvial system, certain targeted sediments are fine-grained and thus 14C is preferred if 
charcoal and organic material are available.  The development of OSL dating has 
allowed researchers to establish geochronologies where it was has been difficult in the 
past due to limited materials for traditional dating methods in the appropriate 
stratigraphic position, such as fluvial environments (Rittenour, 2008).   
Collecting samples for both 14C and OSL ages from the same or adjoining 
sediment units allows for an independent cross check, and will be used to determine if 
there are problems or inconsistencies with these techniques in this fluvial setting.  Both 
dating methods have drawbacks in fluvial systems that are discussed in greater detail 
below.   
Therefore, the major objective of this research is to examine the applicability of 
OSL and AMS 14C in this small dryland watershed.  A comparison of the ages obtained 
from both methods is reported, and each method is assessed for its reliability in this 
setting.  The large number of samples collected in this study allows for a determination 
regarding whether problems encountered in previous studies can be surmounted.   
2.2. Study Area and Geomorphic Setting 
The Escalante River heads in the Kaiparowits and Aquarius Plateaus of south-
central Utah on the Colorado Plateau and has a drainage area of 5244 km2 (Fig. 2.1).  
The study area is centered on the main trunk stream of the upper Escalante (Upper 
Valley Creek) that flows northeast and east through generally flat-lying Cretaceous  
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Straight Cliffs and Kaiparowits Formations, which are primarily composed of sandstone 
and mudstone.  Inactive bedrock structural features in the field area include the broad 
Laramide folds of the Upper Valley Anticline, the Alvey Syncline, and the Escalante 
Anticline.  Downstream of the study area, the river crosses into underlying Mesozoic 
strata and incises into sandstones of the Jurassic Glen Canyon Group, forming an ~90 
km long reach of entrenched meanders before entering Lake Powell, a reservoir of the 
Colorado River. 
The headwaters of the Escalante River (upstream of the town of Escalante, UT) 
drain approximately 570 km2 (Fig. 2.1).  Elevations in this region range from 1729 – 3286 
m asl, with an average basin elevation of ~2393 m asl.  The upper Escalante River 
corridor is characterized by a broad alluvial valley that is entrenched by a continuous, 
steep-walled arroyo.  Walls range from <5  to 15 m in height, and the arroyo is ~35 km in 
length.  The lower portions of tributary valleys are also filled with alluvium and similarly 
entrenched, forming smaller arroyos connected to the main channel.   
There is one major Holocene fill terrace (Qat1) in Upper Valley Creek that was 
formed as the river entrenched into its pre-1909 floodplain surface (see Plates I - IV).  
There are subtle differences in the tread heights of Qat1, which may be associated with 
former pre-arroyo channels and floodplains and/or unpaired cut terraces associated with 
the historic arroyo incision event.  The alluvium underlying the Qat1 terrace is Holocene, 
and its internal stratigraphy records multiple arroyo cycles.   
Based on the stratigraphy (see Ch. 3 for more details) and the geochronology 
discussed here, the alluvium underlying Qat1 has been divided into six sedimentary 
units, each interpreted as a distinct aggradation event in the watershed.  These 
unconformity-bounded alluvial units are denoted unit I (oldest) to unit VI. The youngest 
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sediments (unit VI) aggraded prior to the historic period of arroyo incision that 
commenced in 1909 on the upper Escalante (Webb, 1985; Webb and Baker, 1987). 
2.3. Radiocarbon dating and applications in fluvial settings 
Most arroyo chronologies are based on 14C ages; however, radiocarbon dating 
can be problematic in fluvial settings.  First, charcoal may not be suitably located in a 
deposit to best constrain the timing of aggradation and degradation, limiting resolution of 
the record.  Even in fluvial systems with abundant charcoal or organic material for 14C 
dating, reworking of older organic material can lead to age overestimates (Gillespie et 
al., 1992).  In semi-arid to arid settings, organic material can also be stored in upland 
areas for decades to centuries before being incorporated into the fluvial system (Schiffer, 
1986).  With wood or charcoal samples from burned trees, material from the center of 
the tree can be tens to hundreds of years older than that taken from the outer rings 
(Schiffer, 1986).  In all cases, the organic material being dated is older than the 
sediments they are contained within, limiting dating resolution and providing only a 
maximum-age estimate if non-annuals are dated.  In addition, many studies before the 
development of AMS 14C dating relied on bulk radiocarbon ages from large sample 
volumes (1-2 g) (Walker, 2005).  This can compound the problems enumerated above 
by averaging ages of organic material from several sources if, for example, a sample 
contained several pieces of charcoal in order to meet minimum analysis volume 
requirements. 
While 14C age overestimates are the main concern in fluvial settings, 
contamination capable of producing an age that is too young is also a concern, 
especially for older samples.  Mold, bacteria, or rootlets from modern plants can all add 
high concentrations of young carbon to a sample (Walker, 2005).   Bioturbation can also 
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cause the downward transport of younger materials as roots grow or as animals burrow 
from the surface.  Finally, another problem in the watershed is radiocarbon-dead coal 
sourced from the Cretaceous bedrock in the area. 
2.4. OSL dating and applications in fluvial settings 
OSL dating provides an age estimate for the last time quartz or feldspar sand or 
silt was exposed to sunlight during transport.  After deposition and burial, defects in the 
crystal lattice structure trap electrons produced by ionizing radiation from the 
surrounding sediments.  These traps are emptied, or zeroed, when exposed to light 
during sediment transport, a process called bleaching.  In the lab, the natural 
luminescence signal is compared to the luminescence produced after exposure to 
known doses of radiation (in Grays (Gy); 1 Gy = 1 J/kg) .  The level of radiation required 
to produce a similar luminescence response as the natural sample is called the 
equivalent dose (De) (Aitken, 1998).  Using the latest single aliquot regenerative (SAR) 
techniques, the De is statistically calculated from the measurement of tens to thousands 
of aliquots or single grains of sand from a sample.  In addition to experimentally 
determining the De, the dose rate, or rate of radiation exposure from surrounding 
sediments during burial, must also be calculated (Aitken, 1998).  Once these two 
variables are known, the OSL age is calculated by equation 1: 
Equivalent dose (Gy) 
                                      = Age (ka)      (1) 
Dose Rate (Gy/ka) 
This method assumes that the grains being analyzed were completely reset 
(bleached) by sunlight prior to burial.  While OSL dating has been shown to agree with 
independent age control in a variety of geomorphic settings, fluvial deposits have proved 
to be more problematic due to incomplete bleaching (zeroing) in these settings (e.g. 
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Murray and Olley, 2002; Rittenour, 2008; Madsen and Murray, 2009).  Transport 
processes in small ephemeral river systems are short in distance, turbid, and often occur 
at night, which reduces sunlight penetration into the water column.  Also, the addition of 
older sediments stored in riverbanks is likely, which is an especially important 
consideration in systems like the upper Escalante River where the river has been 
flanked by steep arroyo walls during the past.  Such conditions can leave a residual 
signal, which can lead to age over-estimation (e.g. Wallinga et al., 2001; Jain et al., 
2004). 
Many researchers have examined ways to identify and overcome incomplete 
bleaching (or partial bleaching) in samples.  Galbraith et al. (1999) introduced a 
statistical method to isolate the population of grains with the lowest De values that are 
assumed to have been fully reset at deposition, referred to here as the minimum age 
model (MAM).  Since that time other minimum age model variations have been 
developed to isolate the youngest aliquots/grains and presumably the depositional age 
from an incompletely bleached population (see Fuchs and Lang, 2001; Lepper and 
McKeever, 2002; Woda and Fuchs, 2008).   
Even with the analysis of small aliquots containing ~10 – 100 grains, the 
youngest population may be masked by averaging the natural luminescence stored in 
bleached and incompletely bleached grains within a sample.  While this may be a lesser 
problem for older samples, it can become a significant source of error with Holocene 
samples, particularly those from environments that are not favorable to optical resetting 
(common in fluvial settings) (Wallinga et al., 2001; Jain et al., 2004; Duller, 2008; 
Rittenour, 2008).  This can be particularly problematic for samples less than 1 ka due to 
the potential for a significant contribution from any residual dose as compared to the 
dose acquired since the most recent burial event (Olley et al., 1999; Madsen and 
12 
 
Murray, 2009; Pietsch et al., 2009).  In such cases, researchers have advocated the use 
of single-grain dating (Olley et al., 1999; Duller, 2004, 2008).  As with small aliquots, 
selecting the population of grains that represents the most recent transport event prior to 
burial in the landform of interest can be difficult.  Many researchers have used the MAM 
described by Galbraith et al. (1999) or a modified MAM with good results (Olley et al., 
1998; Lepper et al., 2000; Pietsch, 2009); however, Rodnight et al. (2006) indicate that 
the MAM can return an age that is too young in some fluvial settings, and that a finite 
mixture model (FMM) may be more appropriate in some cases.  The finite mixture model 
is best applied to situations where there are distinct populations of De groupings.  A De 
distribution with such discrete groupings has been attributed to samples with multiple 
dose-rate components that need to be accounted for at the single-grain level of analysis 
(Arnold and Roberts, 2009).  Such a distribution is less likely in fluvial settings given the 
likelihood of heterogeneous bleaching, which produces a broad array of De values that 
are commonly skewed to higher values.  This occurs due to grain to grain variations in 
transport paths and histories within the fluvial network (Duller, 2008). 
2.5. Methods 
Field work was performed during 2009 – 2010, and included surficial mapping, 
stratigraphic descriptions, and 14C and OSL sample collection in order to reconstruct the 
Holocene fluvial history of the upper Escalante River.  This chapter focuses on the 
dating methods used to ensure that the established geochronology is reliable; see 
chapter 3 for more details on the fluvial record and its relation to other regional records. 
A total of 18 14C and 24 OSL samples were collected from well-exposed arroyo 
walls along Upper Valley Creek upstream of the town of Escalante, Utah (Figs. 2.2 and 
2.3).  Multiple cut-and-fill sequences were identifiable in the field based on stratigraphic  
13 
 
  
14 
 
 
15 
 
relationships, soils, erosional contacts, and buttress unconformities.  Samples were 
strategically collected to determine the timing of arroyo cycles and to allow for cross-
checking of dating methods where possible.  Use of both OSL and 14C allowed for better 
sample placement in the outcrop to constrain periods of aggradation and degradation 
(cut and fill events).  Moreover, some sediment packages were more conducive to one 
method over another based on sediment characteristics, such as the presence of 
suitable sand lenses and/or charcoal for dating. 
2.5.1 Radiocarbon sample collection and preparation 
A total of 18 samples for 14C dating were collected in the upper Escalante River 
study area.  Unburned organic material from fragile annual plants would have been 
preferred in order to avoid the reworking and old wood problems outlined in Section 2.3 
above.  However, given the opportunistic nature of 14C sampling, almost all samples 
collected were charcoal fragments from woody species.  Therefore, most samples 
collected in this study give a maximum age for the deposit from which it was collected.   
Because nearly all samples were burned prior to being mobilized into the fluvial 
system, an effort was made to collect large, single pieces of charcoal that did not display 
significant rounding, indicating that the fragment underwent minimal transport and 
reworking in the system.  Further effort was made to collect from lenses of charcoal-rich 
sediments displaying primary sedimentary structures such as ripple laminations; 
however, this was not always possible.  Nine samples consisted of single charcoal 
pieces selected from sedimentary packages containing abundant charcoal and 
sedimentary structures indicating that the fragment washed into the system during high 
flow events, one sample came from a localized concentration of charcoal in a basin-
shaped feature suggestive of a hearth, one sample was a non-burned pine cone, five 
16 
 
samples were isolated charcoal fragments from otherwise charcoal-poor sediment, and 
two were small single pieces of charcoal extracted from a larger sediment volume 
collected over ~0.5 – 1.0 m thick bed for collection of gastropods.  Table 2.1 lists 
contextual information for all 14C samples collected. 
Samples were collected in the field using a trowel and preserved in aluminum 
foil.  Three samples were sent to Beta Analytic for analysis.  The remaining 15 samples 
were pretreated in the University of Arizona Accelerator Mass Spectrometry laboratory 
during participation in the UA AMS Laboratory Student Internship Program and later 
analyzed by laboratory staff.  Samples were pre-treated using an acid-base-acid wash to 
remove carbonates, fulvic acids and humates.  Approximately 2.7 mg of the sample was 
packed with CuO, combusted to convert the carbon in the sample to CO2 (gas) (performed 
by me), and then prepared as a graphite target (by lab staff).  14C and δ 13C 
measurements were performed on an NEC 3MV AMS instrument.  Radiocarbon results 
(Table 2.1) include δ 13C measurements and were calibrated using CALIB 6.0 and the 
IntCal09 calibration data set (Reimer et al., 2009). 
2.5.2 OSL sample collection and preparation 
A total of 24 OSL samples were collected in the field using opaque metal tubes 
pounded into target sediment horizons exposed along arroyo walls (Fig. 2.4).  All OSL 
samples were prepared and analyzed at the Utah State University Luminescence 
Laboratory.  Of the 24 samples collected, 21 were fully analyzed.  Three samples were 
not processed or analyzed to completion due to sample duplication or the possible 
inclusion of reworked sediments from another deposit.   
Because it was expected that incomplete bleaching would be an issue in this 
headwaters system, care was taken to identify deposits containing sediments most likely  
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to have experienced sufficient sunlight exposure during transport.  For example, 
deposits exhibiting sedimentary structures clearly indicative of rapid flow and high 
sediment concentration (i.e. debris flow deposits, climbing ripples) were avoided.  
Bioturbated units (those displaying massive bedding or numerous root traces and/or 
animal burrows) were also avoided because bioturbation causes the mixing of different-
aged grain populations.  All samples were collected at least one meter below the terrace 
tread surface to reduce uncertainties in the calculation of the soft component of cosmic 
ray contribution to the dose rate environment and to lessen the influence of pedogenesis 
and bioturbation.  Further effort was made to collect samples from relatively thick 
homogeneous beds to lessen uncertainty in the dose rate calculation.  Finally, sample 
locations immediately above or adjacent to erosional contacts were avoided in order to 
lessen the likelihood of mixing grains from two different-aged populations.  Table 2.2 lists 
the context for OSL samples collected in the upper Escalante River watershed. 
Sediment was collected from a 30-cm radius around the sample tube for 
determination of in situ water content and environmental dose rate.  Bulk sediment 
samples were split in the lab and sent to ALS Chemex in Reno, NV for analysis of the 
concentration of K (wt%), Rb (ppm), U (ppm), and Th (ppm) using ICP-MS, ICP-AES 
techniques (Table 2.3).  Dose rates incorporate the contributions from the surrounding 
radio-isotopes; elemental concentrations are converted to radioactivity as outlined in 
Aitken (1995, 1998) and Adamiec and Aitken (1998).  Assumed errors on the chemistry 
values were based on the results of Goble et al. (2004).  For each sample, the latitude 
and longitude, elevation, and depth of sample below the ground surface were recorded 
for the calculation of cosmic contribution to the dose rate as outlined by Prescott and 
Hutton (1994) (Table 2.3).  The total calculated dose rate was corrected for in situ water 
content. 
Outcrop USU # 
1 Fill 
unit 
2 
depth 
(m)
sedimentary descriptions
 3 See 
Fig.
A USU-754 IV 1.3 planar bedded sand (fL - mU) 2.10
A USU-753 II 4.8 planar bedded sand (fL - mL) 2.10
A USU-755 II 6.2 ripple-laminated sand (fL - fU) 2.10
B USU-473 V 4.5 ripple-laminated sand 2.11
B USU-815 V 6.5 trough cross-bedded sand (fL - fU) 2.11
B USU-472 II 5.0 ripple-laminated sand (m - c) 2.11
D USU-608 IV 3.5 low-angle cross-bedded sand (fL- mL) 2.12
D USU-607 III 4.5 low-angle cross-bedded sand (fL- mU) 2.12
E USU-702 VI 1.5 low-angle trough cross-bedded sand (mU - cU) 2.13
E USU-706 VI 2.4 planar to trough-laminated sand (fL - mU) 2.13
E USU-705 V 3.1 ripple-laminated cross-bedded sand (fL - mU) 2.13
F USU-700 VI 2.2 planar to low-angle cross-bedded sand (fL - fU) 2.14
F USU-701 V 3.6 ripple-laminated, low-angle cross-bedded sand (fL - mL) 2.14
G USU-601 V 1.2 planar to low-angle cross-bedded sand (fL - mL) na
H USU-606 IV 1.8 planar bedded sand (mL - cL) 2.15
H USU-707 III 3.6 planar bedded sand (fL - mL) 2.15
I USU-756 VI 1.4 ripple-laminated sand (fU - mU) 2.16
I USU-604 V 3.0 planar to low-angle cross-bedded sand (fU - mL) 2.16
I USU-603 V 4.6 planar to low-angle cross-bedded sand (mL - cL) 2.16
J USU-602 IV 7.7 planar to low-angle cross-bedded sand (vf - fU) na
Z USU-698 QTgr 9.6 weakly bedded sand (f - m); some soil development na
1
  All samples are listed in stratigraphic order by outcrop (oldest samples on the bottom; youngest on top)
OSL contextual information
3
  Letters in parentheses indicate dominant sand size fraction: vf = very fine; f = fine; m = medium; c = coarse.  
Each is further subdivided into upper (U) and lower (L).  vfL = 62-88µ; vfU = 88-125µ; fL = 125-177µ; fU = 
177-250µ; mL = 250-350µ; mU = 350-500µ; cL = 500-710µ; cU = 710-1000µ; vcL = 1000-1410µ; vcU = 1410-
2000µ.
Table 2.2
2
 Fill units refer to distinct Holocene aggradational packages in the study area denoted unit I (oldest) to unit VI 
(youngest).  See Chapter 3 for greater detail
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All samples were prepared in the Utah State University Luminescence 
Laboratory under dim amber light.  Samples were wet sieved to a narrow size fraction, 
with 90 – 150 µm being the most commonly used size range (see Table 2.3 for details).  
Samples were treated with 10% HCl to remove carbonates, and then with NaClO (~5%) 
to facilitate removal of organic matter.  Heavy minerals were removed by using sodium 
polytungstate (2.7 g/cm3) to isolate the quartz and feldspar fraction.  Samples were then 
etched using concentrated HF for a total of 90 minutes (three 30-minute treatments with 
concentrated HF replenished each time) followed by 30 minutes of concentrated HCl to 
remove feldspars and prevent the formation of fluorides.  After the HF treatment the 
samples were dry sieved to remove any <75 µm fraction that may contain incompletely 
dissolved feldspars.  Purity of the samples was checked with infrared (IR) stimulation on 
each aliquot.  Samples containing >30% of aliquots with IR response were re-treated 
with HF.  All aliquots showing evidence of IR response were rejected and not used in the 
age calculation. 
2.6. Optical measurements 
All samples were initially analyzed using small aliquots (1-mm mask, ~30 – 50 
grains per disk).  Samples were mounted on stainless steel disks using silicone spray 
applied through a 1-mm mask (the only exception was USU-698, a 2-mm mask was 
used for this much older sample).  Optical measurements were made on Risø TL/OSL 
DA-20 readers using blue-green light stimulation (470 nm, total power = 40 mW/cm2) 
with a 7.5-mm Hoya U-340 filter following the single-aliquot regenerative (SAR) protocol 
of Murray and Wintle (2000) (Fig. 2.5, Table 2.4).  OSL measurements were made at 
90% LED power at 125° C for 40 seconds (250 channels). After preliminary analysis of 
the small aliquot (SA) data, 12 of the 21 fully analyzed samples were measured using  
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single-grain (SG) SAR.  SG disks containing 100 precision-drilled holes (~300 µm) were 
used; each hole contained at least one grain of sand, although many contained more 
than one given the size fraction used (most commonly 90 -150 µm).  These samples 
were measured using a focused green laser (532 nm, maximum total power = 50 W/cm2) 
and the Risø single-grain laser attachment (Table 2.4).  OSL measurements were made 
at 90% LED power at 125° C for 1 second.  Dose rates of the 90Sr/90Y beta sources on 
the Risø OSL/TL DA-20 readers used were ~0.15 Gy/sec and ~0.12 Gy/sec.  Dose rates 
for individual analyses were calculated based on calibration of Risø quartz and include a 
calculation of the source decay since calibration. 
2.6.1 Dose-recovery pre-heat plateau 
A dose-recovery pre-heat plateau test was conducted on USU-472 and assumed 
to be indicative of all samples from the study area (Murray and Wintle, 2003).  Six 
subsets containing four aliquots each were bleached with two 40 second blue LED 
exposures at room temperature and followed by a 1000 second pause at room 
temperature.  All 24 aliquots were then irradiated for 100 seconds (14.84 ± 0.89 Gy).  
The aliquots were then analyzed using the SAR protocol of Murray and Wintle (2000) 
(Table 2.4).  Pre-heat temperatures before luminescence measurement were varied for 
each of the 6 subsets in 20°C steps, from 180° - 280°C.  The mean and standard 
deviation of the De results for each of the pre-heat treatments are plotted in Fig. 2.6.  A 
cutheat temperature of 160°C for 0 seconds was used on all aliquots. 
The best recovery of the given dose of 14.84 ± 0.89 Gy occurred with the 220° 
and 240° pre-heats (recovered De of 15.16 ± 0.84 and 15.36 ± 1.28 Gy, respectively) 
(Fig 2.6a).  These samples also had the lowest scatter in De results.  However, 
recovered doses at 180° C (16.31 ± 1.40 Gy) and 200° C (16.10 ± 1.42 Gy) were still  
26 
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within 10% of the given dose.   Dose recovery is less acceptable at 260° and 280°C, as 
these aliquots overestimated the given dose by 18 and 26%, respectively.  Recycling 
ratio examines how well applied test doses are correcting for sensitivity changes that 
occur during the SAR cycle (Table 2.4) by comparing a test-dose corrected regenerative 
dose (either R1 or R2) to the same dose applied later in the cycle (Fig. 2.5) (Murray and 
Wintle, 2000).  Recycling ratio was not affected by varying pre-heat temperatures (Fig. 
2.6b), which suggests that the test-dose correction applied to monitor for sensitivity 
changes is working well for this sample.  However, recuperation did seem to increase 
with increasing pre-heat temperatures, as expected (Fig. 2.6c).  While pre-heat 
temperatures of 180 - 240°C produced recuperation values of less than 1 Gy, such 
recuperation can be problematic with younger samples.   
Because recuperation may indicate a problem with thermal transfer, a thermal 
transfer test was also carried out on USU-472.  Thermal transfer generally occurs in one 
of two ways – either from the movement of electrons in optically insensitive traps that get 
transferred to OSL traps during pre-heating, or it may be inserted by the test dose if the 
pre-heat is not sufficient to clear shallow traps (Aitken, 1998; Murray and Wintle, 2000, 
2003; Wintle and Murray, 2006).   
Again, six subsets containing four aliquots each were bleached at room 
temperature with blue light for 40 seconds and paused for a total of 1000 seconds at 
room temperature.  This step was repeated to completely bleach the samples and allow 
evicted charges to stabilize. After bleaching, no dose was administered, and the regular  
SAR protocol of Murray and Wintle (2000) (Table 2.4) was then applied using the 
following doses:  R1 = 50 s, R2 = 100 s, R3 = 150 s, R1’ = 50 s, and test doses = 50 s. 
The pre-heat temperature before luminescence measurement was changed for each 
subset (20°C steps, from 180° - 280°C) (Fig. 2.7).  Thermal transfer increased with 
28 
 
increasing preheat temperatures; average results ranged from 0.26 to 2.03 Gy.  For 
preheat temperatures of 180 - 240° C, thermal transfer was below 1 Gy; however at 
preheat temperature of 260 and 280° C, thermal transfer was > 1 Gy.  This amount of 
thermal transfer is unacceptable given the young age (<1 ka) of many samples in the 
study area.  As dose rates generally range from 1.5 – 2.5 Gy (Table 2.3), this could 
potentially cause age overestimates of ~ 0.3 – 0.6 ka if this degree of thermal transfer is 
seen in all samples. 
Based on these results, a pre-heat temperature of 220°C was selected for all SA 
and SG measurements.  As indicated above, the pre-heat does not greatly affect the 
dose recovery, so this is not expected to change De’s significantly.   
2.7. Calculation of Ages 
2.7.1 Rejection criteria 
Optical age results are presented in Table 2.5 for the 21 OSL samples.  Small 
aliquots were rejected if recycling ratios were > 15%, or if recuperation values were > 1 
Gy.  Aliquots were always rejected if the natural signal was higher than the highest 
regenerative dose (R3).  Aliquots were also rejected if there was evidence of feldspar 
contamination; for SA samples, this was tested by adding an infrared (IR) check after 
application of all regenerative doses.  Finally, samples were rejected if there was 
evidence for an ultrafast component.  Several workers have recognized that the quartz 
luminescence signal is composed of several components arising from different traps.   
The fast component is used in SAR measurements, and is obtained by subtracting the 
late portion of the signal from the initial portion.  Some workers have noted the 
occurrence of a short-lived thermally unstable component that is not present in the 
natural signal (Jain et al., 2003; Goble and Rittenour, 2006).  Such an ultrafast  
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component can lead to De underestimates (Jain et al., 2008).  During the initial stages of 
analysis, some samples were noted to have characteristics indicating an ultrafast 
component (e.g., the test dose was responding differently (plotting well above the dose 
response curve) or there was an extremely rapid decay between the first and second 
channels of regenerative dose 2 as compared to the first and second channels of the 
natural signal).  Jain et al. (2008) indicate that using >200°C preheats and cutheats will 
help eliminate this unstable and unwanted component.  A cutheat of 220°C was used on 
all samples (Table 2.4), as this temperature was found to greatly reduce this problem.   
Criteria for acceptance of single grain data were not as strict given the generally 
low response of single grains.  Grains were analyzed only if the signal:background noise 
ratio was >3 for all regenerative doses (except R0) and all test doses.  This was 
determined in a macro written by R. Goble, University of Nebraska, Lincoln by taking the 
sum of channels 6-8 (early portion of the shinedown curve) and subtracting 3 times the 
average of channels 40 – 55 (late portion of the shinedown curve).  The number of 
grains possessing an adequate signal for SG analysis ranged widely among samples 
(Table 2.6). The lowest response rate was 11% of grains (USU-707), and the highest 
response rate was 44% (USU-472).  Duller (2008) has suggested that such sample to 
sample variation in OSL signal is quite common.   
When examining single-grain data, grains were automatically rejected if they 
displayed >100% recycling ratios or if there was >1 Gy of recuperation.  Samples were 
also rejected if there was evidence of feldspar contamination, which was indicated by a 
high (>20) value of the fast:slow component of the luminescence decay curve (obtained 
from the mean of channels 9-11 (0.0125 seconds) divided by the mean of channels 40-
55 (0.0625 seconds) for regenerative dose 3).  Acceptance rate for SG samples was 
very low, generally ranging from 1-5% of grains run (Table 2.6).  The youngest samples 
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(<1 ka) generally had the lowest acceptance, due to large errors given the low signal-
noise ratio on the measurement of the natural signals. 
2.7.2 Equivalent dose distributions and age model decisions 
Equivalent dose (De) distributions were always examined for evidence of 
incomplete bleaching (Table 2.7) to help inform the decision regarding whether or not to 
use a minimum age model (hereafter MAM) or central age model (hereafter CAM) of 
Galbraith et al. (1999).  The MAM truncates the De distribution in order to select the 
lowest De’s which are assumed to come from grains that were completely zeroed prior 
to deposition.  The grains in the selected population with lower error are given more 
weight.  The CAM considers all data points but is a weighted average.  
  In addition to looking for significant positive skew, which has been viewed as 
the classical statistical distribution for insufficiently bleached samples (Olley et al., 1998), 
De distributions were also examined for broadness of range (e.g. Fuchs et al., 2007; 
Arnold et al., 2007).  Overdispersion within a sample was calculated from the CAM of 
Galbraith et al. (1999), and was used to determine whether the broadness of range was 
suggestive of incomplete bleaching.  Overdispersion is defined as the spread in De 
values that is beyond the expected instrumental error on each De estimate (Galbraith et 
al., 1999; Bailey and Arnold, 2006).  Additionally, two other parameters were used to 
guide the decision regarding whether to use the MAM or the CAM (although skew and 
overdispersion were regarded as the most important).  The ratio of the mean of accepted 
De’s (M) to the median of the De’s (m) (a measure of the symmetry of a distribution) has 
been identified as another value that can be helpful in determining depositional setting 
and thus incomplete bleaching (Lepper, 2010).  Lepper indicates that a M/m value ≥ 1.10 
is generally indicative of fluvial settings and therefore may warrant use of the MAM.   
Outcrop USU No. # grains 
run
# of 
responsive 
grains 
1
responsive 
grains
# accepted 
2 acceptance
B USU-473 2000 477 24% 45 2%
B USU-815 2800 744 27% 72 3%
B USU-472 1500 653 44% 72 5%
D USU-608 1800 297 17% 31 2%
E USU-702 2000 354 18% 45 2%
E USU-706 1800 270 15% 16 1%
E USU-705 2200 561 26% 70 3%
F USU-700 1900 525 28% 73 4%
G USU-601 1900 632 33% 50 3%
H USU-606 3100 694 22% 81 3%
H USU-707 3030 320 11% 68 2%
I USU-756 2000 261 13% 19 1%
2 
Responsive grains that passed rejection criteria as outlined in Section 2.7.1.
Single-grain response characteristics
1
 Responsive grains are defined as those which have signal to noise ratio >3 for all test 
doses and R1, R2, R3, and R1' or R2'.  This is performed in a macro written by R. Goble, 
University of Nebraska, Lincoln.
Table 2.6
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Outcrop USU No. Analysis 
method 
1
# of grains 
or aliquots 
accepted
skew 
2
 (c) standard 
error of 
skewness 
(σc)
kurtosis 
3
 (k) 
standard 
error of 
kurtosis 
(σk)
overdisper- 
sion 
4
 (%) 
M/m 
5
CAM/m 
6 Model  
chosen 
7
A USU-754 SA 22 1.66 0.52 2.91 1.04 49.7 1.20 1.08 MAM-3
A USU-753 SA 34 0.49 0.42 -0.76 0.84 27.2 1.03 0.99 MAM-3
A USU-755 SA 30 0.58 0.45 -0.32 0.89 23.0 1.03 1.02 MAM-3
B USU-473 SG 45 1.99 0.37 4.26 0.73 44.1 1.23 1.46 MAM-4
B USU-815 SG 72 1.22 0.29 0.78 0.58 43.6 1.25 1.52 MAM-4
B USU-472 SG 72 0.93 0.29 0.74 0.58 29.3 1.11 1.10 MAM-4
D USU-608 SG 31 1.57 0.44 3.53 0.88 28.3 1.16 1.31 MAM-3
D USU-607 SA 26 1.12 0.48 0.25 0.96 48.1 1.21 1.10 MAM-3
E USU-702 SG 45 2.07 0.37 5.46 0.73 49.8 1.21 1.75 MAM-4
E USU-706 SG 16 2.31 0.61 6.45 1.22 48.4 1.29 1.57 MAM-3
E USU-705 SG 70 1.21 0.29 0.99 0.59 42.2 1.47 1.93 MAM-4
F USU-700 SG 73 1.67 0.29 2.99 0.57 45.7 1.34 1.78 MAM-4
F USU-701 SA 41 1.57 0.38 2.17 0.77 59.1 1.43 1.35 MAM-3
G USU-601 SG 50 0.85 0.35 -0.22 0.69 40.0 1.19 1.51 MAM-4
H USU-606 SG 81 1.52 0.27 2.08 0.54 37.8 1.19 1.46 MAM-4
H USU-707 SG 68 0.33 0.30 -0.40 0.59 28.7 1.01 1.06 CAM
I USU-756 SG 19 1.15 0.56 0.66 1.12 48.3 1.47 1.67 MAM-3
I USU-604 SA 30 1.33 0.45 1.50 0.89 82.8 1.21 0.99 MAM-3
I USU-603 SA 22 1.39 0.52 0.43 1.04 94.9 2.16 1.75 MAM-3
J USU-602 SA 31 0.87 0.44 1.67 0.88 32.1 1.00 1.00 MAM-3
Z USU-698 SA 27 -0.65 0.47 -0.36 0.94 9.3 0.98 0.99 CAM
1
 SA = small aliquot; SG = single grain
5
 M = mean of accepted De's; m = median of accepted De's.  Values within 10% of unity indicate a normal distribution.
7 
MAM-3 = 3-parameter minimum age model; MAM-4 = 4-parameter minimum age model; CAM = central age model (all after Galbraith et al. (1999))
6
 CAM = De chosen by central age model of Galbraith et al. (1999); m - median of accepted De's.  Values within 10% of unity indicate a normal distribution.
 Parameters used to inform age model for OSL samples
Table 2.7
2
 Values in bold are statistically significant as defined by Bailey and Arnold (2006) and Arnold et al (2007).  For SA samples, skew is significant if c > σc; for SG 
samples, skew is significant if c > 2σc.
3 
Values in bold are statistically significant as defined by Bailey and Arnold (2006) and Arnold et al (2007).  For SA samples, kurtosis is significant if k > σk; for 
SG samples, skew is significant if k > 2σk.
4
 Overdispersion is considered to be an indicator for use of a MAM if >20% (based on Bailey and Arnold (2006) and Arnold et al. (2007))
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Finally, the CAM to median (CAM/m) ratio may be instructive as well; CAM/m 
values within 10% of unity may indicate that incomplete bleaching is not a major 
problem. 
Nearly all samples (19 of 21) exhibited clear evidence of incomplete bleaching 
(Figs. 2.8 and 2.9, Table 2.7); equivalent doses for these samples were determined 
using a MAM executed in an Excel-based macro written by Sebastian Hunt (University of 
Toronto).  The De distribution can be truncated using either a three parameter minimum 
age model (MAM-3) or a four parameter minimum age model (MAM-4).  It is not 
necessarily clear which model is best.  Bailey and Arnold (2006) indicate that the MAM-3 
may be better suited for De scatter derived mainly from incomplete bleaching, whereas 
other workers (Galbraith et al., 1999) indicate that the MAM-4 is a better option when 
dealing with large numbers of De’s.   
Some workers have suggested the use of a formal decision procedure based on 
parameters like those described above to determine whether to use a CAM or a MAM in 
determining the appropriate De (Bailey and Arnold, 2006; Arnold et al., 2007).  Although 
a formal decision process should not be used blindly without regard for observed 
geomorphic evidence, a decision model based on that presented by Arnold et al. (2007) 
recommends similar age models to the ones selected here.  If a sample had two or 
greater parameters with values indicating partial bleaching (i.e. skew, kurtosis, 
overdispersion, M/m, or CAM/m) (Table 2.7), then some version of a MAM was chosen.  
In this study, the MAM-3 was chosen for all SA samples, which had ≤41 aliquots 
accepted.  For any SG samples that had evidence of incomplete bleaching (as outlined  
above), the MAM-4 was used if ≥ 45 grains have been accepted, and the MAM-3 was 
used if <45 grains have been accepted.   
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2.8. Results 
All 14C ages are shown in Table 2.1, and all OSL ages for the upper Escalante 
are shown in Table 2.5.  Additionally, age summary pages for all samples are presented 
in Appendix A.  Radiocarbon ages in Table 2.1 are presented in 14C years, calibrated 
weighted mean age, and the 2-sigma calibrated age range.  For all figures and text, the 
weighted mean with 2-sigma calibrated age range is used for simplicity.  All 2-sigma 
calibrated ages and the weighted mean are reported as years BP (2010) so that direct 
comparisons can be made with OSL ages, although this notation will not be used 
throughout.  OSL samples were collected in 2008 – 2010 and ages are reported in ka 
before collection ± 2 standard error.   
For SA OSL samples, ages are considered finalized for all samples. SA ages 
calculated using the MAM-3 are considered final if ≥ 20 aliquots have been accepted.  If 
the SA OSL age was calculated using the CAM, the age is considered final if ≥ 20 
aliquots have been accepted and if the CAM to median ratio is within 10% of unity.  
For SG OSL samples, all ages presented are preliminary although some are 
much closer to completion than others.  While there is no accepted standard in the OSL 
community regarding the number of grains necessary to calculate a reproducible age, 
the goal of the USU Luminescence Laboratory is to produce an age based upon at least 
100 grains that have passed acceptance criteria.   
A total of 39 samples (18 14C and 21 OSL) were analyzed from eleven outcrops 
(see Ch. 3).  In this paper, ages and stratigraphic results from seven outcrops (A, B, D, 
E, F, H, and I) (Figs. 2.2 and 2.3) are discussed because these outcrops have age 
control from multiple samples.  These comparison sites either had 14C and OSL samples 
side by side, or clear stratigraphic relationships made age evaluations possible.   
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All 14C ages are stratigraphically consistent although two samples were actually 
coal and therefore gave radiocarbon dead results of > 49 ka (Table 2.1).  Further, all 
finalized SA OSL ages are stratigraphically consistent.  Nine of 12 preliminary SG ages 
are stratigraphically consistent with other samples collected for age control, although 
samples less than 1 ka proved somewhat problematic. 
Exposures are described from up to downstream.  Sedimentary characteristics, 
bounding unconformities, and the geochronology indicate six distinct Holocene 
aggradational packages, designated units I (oldest) – VI (youngest).  Older units appear 
to contain more fine-grained materials with greater soil development, whereas the 
youngest units commonly consist of sands with well-preserved sedimentary structures 
and larger channel gravels consistent in size with those found in the modern channel 
(see Ch. 3 for greater detail). 
2.8.1 Outcrop A 
Outcrop A (Fig. 2.10) is an ~10 m tall arroyo-wall exposure of bedded sandy and 
silty deposits and minor gravels.  This outcrop is located farthest upstream and is 
situated against the side of the valley adjacent to QTgr gravel deposits (Fig. 2.2 and 
Plate IV).  Basal unit II sediments scour into the underlying unit I sediments; otherwise, 
this sediment package is generally composed of tabular beds.  There is evidence of 
weak soil development at the top of units I and II.  All OSL ages at this outcrop were 
analyzed using SA SAR methods and ages were calculated using the MAM-3. 
One OSL sample was collected from unit I, but the sample was not analyzed to 
completion.  Two test runs were done, and the natural signal (N) for 9 of 10 aliquots was  
above R3.  R3 for the second test run was ≈ 227 Gy, which means that the likely age of 
this sample would have been ≥ 80 ka if it had been analyzed to completion.  Considering  
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this evidence, the sample was interpreted to be contaminated, possible by the QTgr 
deposit immediately adjacent to the sampling location (see Plate IV).   
The unit II aggradational package was well dated, particularly at its base.  A 
basal age of 3.97 +0.17- 0.18 cal ka BP (Beta 281705, 14C-A3) is the oldest date obtained from 
this sediment package.  A succession of two OSL ages (USU-755 and USU-753) with a 
14C age in between (AA87514, 14C-A2) was collected from unit II.  Ages were not 
obtained along a vertical profile as indicated on Fig. 2.10; however, stratigraphic units 
were tabular and laterally traceable, allowing for good correlation.  As indicated in Fig. 
2.10, the three samples are stratigraphically consistent, including the preliminary age for 
USU-753.  One 14C (AA87515, 14C-A1) and one OSL sample (USU-754) were obtained 
from the same sand lens in unit IV sediments near the top of the outcrop, and this side-
by-side comparison returned almost identical ages of 1.20 +0.12- 0.08  cal ka BP and 1.23 ± 
0.30 ka, respectively. 
All ages obtained for this outcrop are stratigraphically consistent.  USU-755, 14C-
A2, and USU-753 were collected over an interval of ~1.5 m and indicate fairly rapid 
deposition over ~0.6 ka.  14C-A3 was collected less than a meter below USU-755, 
however, the age is not within error of USU-755.  Variable deposition rate is certainly a 
possibility, but this provides some evidence that perhaps 14C-A3 has been reworked 
and is providing a slight age overestimate for the base of this unit. 
2.8.2 Outcrop B 
Outcrop B (Fig. 2.11), located ~9 km downstream of Outcrop A, is an ~7 m tall 
arroyo wall displaying a large cut-fill sequence.  Unit V sediments are filling a large scour 
into the tabular sands and silts of the older unit II, and the outcrop is capped by ~2 m of 
tabular unit VI sediments.  The outcrop is dominated by bedded sand, although there are  
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also finer-grained marshy deposits in the older unit II deposits.  This outcrop afforded 
two opportunities to cross-check ages obtained using each method (Fig. 2.11).  All OSL 
samples from this outcrop are being analyzed using SG SAR and ages are calculated 
using the MAM-4.  All 3 OSL ages are considered preliminary at this point (Table 2.5).  A 
14C sample (AA87512, 14C-B3) and an OSL sample (USU-472) were collected from the 
oldest package of sediments in this outcrop (unit II).  Sample ages are 4.01 +0.13- 0.11 cal ka 
BP and 4.10 ± 0.32 ka, respectively.  Although 14C-B3 is stratigraphically below USU-
472, the samples are within error.  A series of samples collected from unit V are also 
presented (Fig. 2.11) and again the ages are stratigraphically consistent.  14C-B1 was 
collected within 1 m of the surface, and returned an age of 0.21 +0.13- 0.15 cal ka BP. 
Two stratigraphically higher OSL ages (USU-472 from unit II and USU-473 from 
unit V) returned slightly older central ages than underlying 14C ages, although they are 
within error.  Both OSL ages are still preliminary, and further work may return younger 
final ages once more grains are accepted.  14C-B1 returned a near-modern age, 
consistent with overbank deposition and aggradation prior to the most recent incision 
event. 
2.8.3 Outcrop D 
Outcrop D consists of a ~5 m tall exposure of mostly sandy sediments (Fig. 
2.12).  The basal portion of the outcrop consists of unit III sediments and is overlain by 
unit IV sediments.  Other younger units may also be present, but the top of the outcrop 
was covered in slopewash and was not dated.  Sediment packages are mostly tabular, 
and this aggradational package indicates at least two episodes of geomorphic surface  
stability as indicated by weakly developed soil characteristics such as calcite stringers, 
massive/blended sand, and common burrows.  Some bedded sands are preserved,  
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however, and both OSL samples were obtained from sand lenses displaying cross-
bedding to avoid mixing of grains caused by bioturbation (Table 2.2).   
Samples collected from unit III sediments allowed for a cross-check between 
dating methods, but also for a check on the consistency of 14C ages obtained from 
stratigraphically similar positions.  Since fluvially reworked charcoal can produce age 
overestimates, determination of how problematic such reworking is in this setting is 
important.  Sample 14C-D3 (AA87506) was a single isolated piece of charcoal, while 
14C-D2 (AA87508) was a more preferable sample because it was obtained from a 
charcoal rich lens (Table 2.1).  Regardless, the two samples were stratigraphically 
consistent and within error of one another, as would be expected because 14C-D2 (1.95 
+0.10
- 0.15  cal ka BP) was collected 10 cm above 14C-D3 (2.04 +0.13- 0.09 cal ka BP).  USU-607 
was collected 18 cm above 14C-D3 and returned a SA MAM age of 2.06 ± 0.44 ka, 
which is within error of both 14C ages from unit III.   
Sample 14C-D1 (AA87504) was obtained from a hearth-like structure in unit IV 
sediments, and is therefore most likely to produce an accurate depositional age.  An 
anomalously high δ 13C value (-14) suggests that the sample was not wood.  However, 
an age of 1.44 +0.13- 0.08 cal ka BP is stratigraphically consistent with other 14C and OSL ages 
in the outcrop.  OSL sample USU-608 was taken from probable unit IV sediments and 
has a preliminary SG MAM age of 1.19 ± 0.31 ka. 
2.8.4 Outcrop E 
Outcrop E (Fig. 2.13) is an ~ 4 m tall arroyo wall exposure consisting of young 
(unit V and VI) channel sand and gravel units that display well-preserved bedding.  
Given the expected young age based on the 14C sample 14C-E1 (AA87507, 0.22 +0.14- 0.16  
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cal ka BP) obtained from a charcoal-rich horizon near the base of unit VI, all OSL 
samples from this outcrop are being analyzed with SG SAR methods.  The preliminary 
MAM-4 age obtained from USU-705 in the oldest unit (unit V) is 0.61 ± 0.96 ka, which is 
stratigraphically consistent with the overlying 14C age obtained from 14C-E1.  Two 
preliminary OSL ages obtained from the youngest unit VI (USU-702 (0.87 ± 0.57 ka) and 
USU-706 (0.78 ± 0.61 ka)) are within error of one another, but appear to greatly 
overestimate the depositional age based on the 14C sample.  However, both USU-706 
and USU-702 have a low number of grains accepted (16 and 45, respectively, Table 2.6) 
so further analysis should prove instructive for these samples.  Further, USU-702 has 
the lowest dose rate of all samples in the study area, (1.52 ± 0.07 Gy/ka versus an 
average of 2.07 ± 0.09 Gy/ka for the other two samples from the same outcrop) (Table 
2.3).  As this could cause an incorrect age estimate, the sample was re-submitted for 
dose rate analysis to ensure that there was not a problem with the initial dose rate 
estimate.  Returned elemental analyses were slightly higher than those initially 
submitted, but did not cause an appreciable difference in the age calculation.  The mean 
value of both chemistry values was ultimately used in the dose rate calculation. 
All OSL samples in this outcrop are <1 ka, and incomplete bleaching is clearly an 
issue (Table 2.7).  Given the young age of the fill, the residual signal combined with low 
grain response is having a large effect on the resulting ages.  Alternatively, the 14C 
sample could be problematic, although it was collected from a charcoal rich lens so it 
seems that it would be more likely to produce and age over-estimate as opposed to an 
age under-estimate.  More analysis is required on all the OSL samples from this outcrop,  
although the sediment characteristics are consistent with other young (unit V and unit VI) 
sediments in the study area. 
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2.8.5 Outcrop F 
Outcrop F (Fig. 2.14) is an ~3.7 m tall exposure of young (probable unit VI) 
sediments consisting of a small channel composed of gravels and sands.  The base of 
this channel clearly cuts into older probable unit V sediments, although stratigraphic 
relationships are less clear toward the top of the channel fill.  Channel and channel 
proximal sediments appear to be interfingered, and extensive bioturbation made 
delineation of units difficult.   
A SA OSL sample (USU-701) taken from the older unit V sediments at the base 
of the outcrop has a finalized OSL MAM-3 age of 0.97 ± 0.24 ka.  A preliminary SG 
MAM-4 OSL age of 0.84 ± 0.26 ka was obtained from USU-700, which was collected 
from unit VI channel/channel proximal sands erosional into unit V.  The OSL ages are 
stratigraphically consistent, even when OSL ages are obtained by two different analysis 
methods (SG v. SA).  However, a 14C age obtained from between USU-701 and USU-
700 has an age of 0.47 +0.09- 0.10 cal ka BP (14C-F1), which is inconsistent with the 
preliminary age for USU-700, suggesting that incomplete bleaching has not been fully 
accounted for.   
USU-701 is a finalized SA OSL sample; the sample shows clear evidence of 
incomplete bleaching and it is possible that SG analysis would be better for this sample.  
The sample is not as problematic as USU-700, which is a clear stratigraphic reversal 
with 14C-F1 below (assuming that the 14C sample has not been contaminated by 
modern roots).  As with the young samples from Outcrop E, this sample shows ample 
evidence of incomplete bleaching and the residual signal appears to be having a major 
effect on the preliminary age calculation.  Further analyses are necessary for this 
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sample.  Effort was made to collect the 14C sample from the older sediment package at 
this outcrop; however, given the difficulties enumerated above, it is concluded that this 
sample was actually collected from the younger unit VI.  Given the potential for re-
working, this 14C age probably provides a maximum age for unit VI.   
2.8.6 Outcrop H 
Outcrop H (Fig. 2.15) is an ~4.5 m tall exposure consisting of unit IV channel 
gravels cutting into the tabular silts and sands of unit III at the downstream end of the 
outcrop. The outcrop contains gravels and sand, with evidence for surface stability after 
deposition of unit III sediments based on weak soil development in this unit.  Unit IV 
sediments consist of large clast-supported imbricated channel gravels topped by fluvial 
sands.  At this portion of Outcrop H, OSL and 14C samples were taken side by side from 
unit III sediments (samples USU-707 and 14C-H3 (AA87509), respectively).  The 14C 
age of 2.26 +0.11- 0.14 cal ka BP is within error of the SG preliminary age of 2.44 ± 0.27 ka.  
This preliminary SG age was unusual for this watershed because it was the only SG age 
calculated using a CAM instead of a MAM.  Characteristics of the distribution indicated 
the CAM would be a better choice, particularly the fact that the skew was not statistically 
significant (Table 2.7).  An OSL sample (USU-606) was collected from ripple-laminated 
channel sands directly overlying the channel gravels and has a preliminary SG age of 
1.34 ± 0.21 ka.  A 14C sample (14C-H2, AA87501) collected for age cross-check from 
more massive sands overlying the coarse-grained channel fill turned out to be coal and 
was 14C dead. 
A pine cone (14C-H1, Beta 281704) was collected from a channel scour located 
~ 35 m upstream. The channel was clearly erosional into another unit; however, the  
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sand in this interval was massive and stratigraphic relationships were not discernible.  
The 14C age was 0.17 +0.15- 0.11 cal ka.  Another younger unit was clearly inset against this 
deposit. 
It is possible that 14C-H3 was reworked and that the MAM age would be more 
appropriate for USU-707 as all other SG OSL samples from this watershed indicated 
incomplete bleaching.  Although this would change the interpretation associated with this 
outcrop, it would not alter the overall chronology.  However, statistical parameters (as 
well as visual examination) indicate that the CAM is a defensible age model for this 
specific sample (Table 2.7).  Further, sedimentary evidence (weak soil development in 
unit III sediments) indicates that the surface was stable for some time, not deposited 
contemporaneously with the large channel gravels. 
2.8.7 Outcrop I 
Outcrop I (Fig. 2.16) is a 6 m tall arroyo wall that consists of at least two units.  
Unit V channel sand and gravel scours into interpreted unit IV tabular bedded sand.  
However, these units are sedimentologically similar, so it is possible that they represent 
slightly different depositional environments of the same fill unit.  The outcrop is capped 
by a thick sequence (~2 m) of tabular unit VI sand displaying well-preserved ripple 
lamination.   
These sedimentary units were dated using a mix of 14C dating, SA OSL, and SG 
OSL, and all ages are stratigraphically consistent.  14C-I2 (AA87511) was collected from 
potentially the oldest unit displayed in this outcrop and has an age of 1.09 +0.14- 0.09 cal ka 
BP, consistent in timing with unit IV sediments.  Alternatively, if this lowest unit is actually 
part of unit V, then this 14C sample is reworked.  Two finalized SA OSL samples (USU-
603 (0.95 ± 0.43 ka) and USU-604 (0.53 ± 0.23 ka)) were collected from the  
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intermediate unit of this outcrop (unit V) and the ages were calculated using the MAM-3.  
A 14C sample (14C-I1, AA87510) collected from the unit V channel scour for age cross-
check turned out to be coal and was 14C dead.  The SG OSL sample USU-756 was 
collected from unit VI sediments and has a preliminary MAM-4 age of 0.45 ± 0.32 ka. 
2.9. Discussion  
Charcoal reworking does not seem to be a major problem in this watershed (with 
the exception of two samples that turned out to be reworked coal).  For example, at 
Outcrop D (Fig. 2.12, Table 2.1), two pieces of charcoal (one from a charcoal-rich lens 
and one an isolated single large piece) collected 10 cm apart vertically returned 
stratigraphically correct ages of 2.04 +0.13- 0.09 cal ka BP and 1.95 +0.10- 0.15 cal ka BP (14C-D3 
and 14C-D2, respectively).  While it is of course a possibility that both are too old, the 
similar ages indicate that 14C ages obtained in this watershed can usually be used 
reliably for age cross-checks.  Further, the observation that all 14C ages are 
stratigraphically consistent with other 14C ages and most OSL ages (finalized and 
preliminary) indicate that reworking is a minor issue.  
Evidence of possible reworking was noted for three of the 14C samples collected.   
At Outcrop A (Fig. 2.10), the oldest sample from unit II (14C-A3) is not within error of a 
finalized SA OSL sample (USU-755) taken less than a meter above (Tables 2.1 and 
2.5).  However, USU-755 is within error of two samples (one 14C and one SA OSL) 
collected from the overlying 1.4 meters.  Variable deposition rate may be the 
explanation, but reworking on 14C-A3 cannot be ruled out.  At Outcrop F, 14C-F1 was 
the oldest age obtained for unit VI sediments in the study area.  The weighted mean age 
for this sample is 0.47 +0.09- 0.10 cal ka BP, and it is not within error of any of the other 14C 
ages obtained for this same unit.  Therefore, it is regarded as a maximum age for this 
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unit.  The final example of potential 14C reworking is sample 14C-I2 from Outcrop I.  As 
noted in the outcrop results, the sediments from the lower portion of this unit are difficult 
to interpret with any degree of certainty.  If 14C-I2 is in fact part of unit V, then the age of 
1.09 +0.14- 0.09 cal ka BP is too old and thus reworked. 
Incomplete bleaching of sand was certainly an issue in this watershed as 
expected, but appropriate age determinations were possible with careful data analysis 
and the use of small aliquots or single grain analysis.  Examination of statistical 
parameters as outlined in Table 2.7 generally indicated that some version of a MAM was 
recommended for 19 of 20 Holocene samples.  Table 2.8 shows a comparison of De’s 
and ages obtained using the CAM versus a MAM, and use of the CAM where the MAM 
was warranted led to age overestimates and stratigraphic reversals with other samples 
providing age control.   
Additionally, it has been recognized that young, incompletely bleached fluvial 
samples are particularly problematic and are most likely to benefit from the more time 
intensive single-grain analysis (Olley et al., 1999; Duller, 2008).  That generalization 
holds true in the upper Escalante – 10 of 12 samples analyzed using SG SAR are ≤1.5 
ka.  However, Outcrop B provides a good discussion regarding some possible 
exceptions to this.  Analysis of USU-472 proved problematic using small aliquots, 
returning a MAM age of 5.87 ± 0.83 ka, which resulted in a stratigraphic reversal with the 
14C age of 4.01 +0.13- 0.11 cal ka BP (14C-B3) obtained from lower in the same unit (unit II).  
This reversal and the De distribution for the small aliquots indicated that single-grain 
analysis would be better suited for this sample (too few accepted aliquots fall into the 
lower part of the distribution to warrant use of the MAM).  As a result, 1500 single grains 
were measured and 72 were accepted.  The probability density function (PDF) for this  
Outcrop USU No.
Analysis 
method 
1
# of 
grains or 
aliquots 
Model
 2
A USU-754 SA 22 3.20 ± 0.74 1.23 ± 0.30 5.43 ± 1.22 2.09 ± 0.49 MAM-3
A USU-753 SA 34 7.65 ± 0.66 2.85 ± 0.31 11.83 ± 1.15 4.41 ± 0.52 MAM-3
A USU-755 SA 30 9.48 ± 0.79 3.33 ± 0.35 13.02 ± 1.15 4.57 ± 0.50 MAM-3
B USU-473 SG 45 1.73 ± 0.70 0.80 ± 0.33 2.45 ± 0.56 1.14 ± 0.27 MAM-4
B USU-815 SG 72 1.90 ± 1.39 1.02 ± 0.75 3.56 ± 0.55 1.92 ± 0.32 MAM-4
B USU-472 SG 72 6.64 ± 0.31 4.10 ± 0.32 8.35 ± 0.68 5.15 ± 0.54 MAM-4
D USU-608 SG 31 2.70 ± 0.68 1.19 ± 0.31 3.58 ± 0.61 1.58 ± 0.29 MAM-3
D USU-607 SA 26 3.45 ± 0.69 2.06 ± 0.44 6.82 ± 1.34 4.08 ± 0.85 MAM-3
E USU-702 SG 45 1.32 ± 0.87 0.87 ± 0.57 2.25 ± 0.70 1.48 ± 0.47 MAM-4
E USU-706 SG 16 1.69 ± 1.32 0.78 ± 0.61 2.66 ± 1.07 1.22 ± 0.50 MAM-3
E USU-705 SG 70 1.19 ± 1.88 0.61 ± 0.96 3.23 ± 0.54 1.65 ± 0.29 MAM-4
F USU-700 SG 73 1.82 ± 0.55 0.84 ± 0.26 3.00 ± 0.54 1.38 ± 0.26 MAM-4
F USU-701 SA 41 2.10 ± 0.50 0.97 ± 0.24 4.11 ± 0.88 1.91 ± 0.43 MAM-3
G USU-601 SG 50 1.88 ± 0.37 0.80 ± 0.17 3.88 ± 0.66 1.66 ± 0.30 MAM-4
H USU-606 SG 81 2.43 ± 0.35 1.34 ± 0.21 2.93 ± 0.41 1.62 ± 0.25 MAM-4
H USU-707 SG 68 2.85 ± 1.17 1.38 ± 0.58 5.01 ± 0.45 2.44 ± 0.27 CAM
I USU-756 SG 19 0.79 ± 0.58 0.45 ± 0.32 1.56 ± 0.58 0.88 ± 0.33 MAM-3
I USU-604 SA 30 1.09 ± 0.47 0.53 ± 0.23 4.54 ± 1.52 2.20 ± 0.75 MAM-3
I USU-603 SA 22 1.58 ± 0.70 0.95 ± 0.43 4.23 ± 2.10 2.54 ± 1.27 MAM-3
J USU-602 SA 31 3.47 ± 0.73 1.79 ± 0.39 5.59 ± 0.73 2.88 ± 0.42 MAM-3
Z USU-698 SA 27 143.54 ± 8.77 58.41 ± 5.26 172.54 ± 7.17 70.20 ± 5.49 CAM
1
 SA = small aliquot, SG = single grain
2 
MAM-3 = 3-parameter minimum age model; MAM-4 = 4-parameter minimum age model; CAM = central age model (all after Galbraith et 
al., 1999)
Table 2.8  
MAM De MAM Age CAM De CAM Age
CAM versus MAM De's and ages.
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single-grain sample also indicated that the MAM was the most appropriate age model to 
use given the positive skew and broad distribution exhibited (Table 2.7).  The MAM-4 
resulted in an age of 4.10 ± 0.32 ka, which is within error of the 14C date.  Examination of 
the luminescence properties aids in understanding why this sample was problematic.  Of 
all the SG samples, USU-472 had the highest proportion of bright grains (44%) (Table 
2.6).  Even though small aliquots (1-mm aliquot, ~30 – 50 grains) were used, averaging 
would certainly tend to mask the lowest population with 44% responsive grains.   
Another slight age reversal was noted in the channel fill (unit V sediments) at 
Outcrop B.  Radiocarbon sample 14C-B2 has an age of 0.68 +0.06- 0.07 cal ka BP, whereas 
the stratigraphically higher OSL sample USU-473 had a preliminary SA OSL age of 0.99 
± 0.48 ka.  This is within error, but appears to be slightly too old.  Again, the MAM was 
warranted based on the spread and skew of the data; however, very few aliquots were 
accepted on the low end of the distribution (Fig. 2.17a).  Although there were fewer 
luminescent grains in USU-473 than USU-472, 22% of grains were bright enough to 
provide a signal (Table 2.6), which is enough to mask the lowest and more appropriate 
De.  Therefore, single-grain analysis was also performed on this sample.  As seen in Fig. 
2.17b, single grain analysis allowed recognition of the well-bleached grains in the low 
portion of the distribution.  The preliminary SG MAM returned a De of 1.73 ± 0.70 Gy, 
lower than the SA MAM selection of 2.13 ± 1.02 Gy.  The resulting preliminary OSL age 
is 0.80 ± 0.33 ka.   
Once problems were identified with SA OSL analyses, the decision was made to 
switch to SG OSL (as discussed for samples USU-472 and USU-473 above).  For the 
samples that were switched to SG OSL in this study (12 of 21), no SA analyses were  
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carried out to completion.  However, a comparison of preliminary ages for 6 of the 12 
that were switched indicate that the preliminary SG OSL ages presented in this study are 
younger than preliminary SA OSL ages by 0.1 – 1.2 ka.  The other 6 could not be 
compared as the decision to use SG OSL was made before SA analysis based on an 
expected young age. 
2.10. Conclusions 
The intense two-pronged sampling strategy employed in the upper Escalante 
showed the usefulness of OSL dating in this dryland watershed.  Even though problems 
were anticipated given the short transport distances and commonly sediment-laden 
flows, stratigraphically consistent ages for 9 of 12 preliminary SG samples and all 9 SA 
samples were obtained once incomplete bleaching was accounted for.  All Holocene 
OSL samples exhibited some degree of partial bleaching, so use of the MAM was 
necessary to determine the appropriate depositional age for 19 of 20 Holocene samples.   
For certain samples (particularly those < 1ka), single-grain dating may be 
necessary to obtain accurate and high resolution chronologies in similar watersheds.  
Fairly simple tests applied at the outset of analysis are instructive.  For example, 
analysis of the luminescence properties of a small number of single grains (~200 – 300) 
from each sample provides valuable information regarding sample to sample variation in 
luminescence sensitivity and thus the severity of averaging effects on small aliquots.  
Based on the results of this study, we recommend that SG OSL be used if there is 
evidence for incomplete bleaching and if ≥10% of grains are responsive.  SA OSL ages 
presented in this study are stratigraphically consistent and within error of other samples 
that provide age control, but it is possible that SG OSL analyses would provide slightly 
younger and more accurate depositional ages. 
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Although material for 14C samples was common in this particular watershed and 
provided age control for OSL samples, such material is not always readily obtainable.  
The findings presented here are promising for researchers working in areas with 
abundant sand but rare preserved organics or charcoal.   
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CHAPTER 3 
 
ARROYO CYCLES IN THE UPPER ESCALANTE RIVER 
 
ABSTRACT 
 
During the late 1800s to early 1900s A.D., many fluvial systems in the 
southwestern United States incised into their alluvium, forming steep-walled arroyos and 
causing devastating economic impacts to settlers.  Many studies regarding arroyo cycles 
have been conducted over the last century, and several hypotheses have been 
proposed regarding the conditions necessary for arroyo incision.  However, most of 
these studies have relied on radiocarbon (14C) dating, limiting the temporal resolution of 
chronostratigraphic records due to limited sampling opportunities and reworking of older 
charcoal.  Recent advances in optically stimulated luminescence (OSL) and accelerator 
mass spectrometry (AMS) 14C dating allow for more highly resolved fluvial chronologies 
to be linked to existing paleoclimate studies. 
Research was conducted along the upper Escalante River in south-central Utah 
to develop a chronostratigraphic record of Holocene arroyo cycles.  Field work focused 
on recognition and description of unconformity-bounded fluvial sequences in well-
exposed arroyo walls.  Alluvial packages were dated using both 14C and OSL dating, 
with 18 14C samples and 21 OSL samples collected.   
The Escalante record indicates that arroyo cut and fill cycles became an 
important agent of landscape evolution ~4.5 ka.  Since that time, at least six cycles have 
occurred, with evidence for six distinct aggradational packages separated by incision 
occurring at ~4.4 – 4.2 ka, ~2.6 – 2.4 ka, ~1.8 – 1.5 ka, ~1.0 – 0.9 ka, ~0.5 - 0.4 ka, as 
well as during the historic period of arroyo entrenchment that commenced in 1909 A.D.  
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These results were compared with two recently updated fluvial chronologies in 
southern Utah.  Records from an adjacent drainage suggest nearly synchronous arroyo 
incision events over the past 1 ka; however, correlations are less clear prior to 1 ka.  
Broad synchronicity in timing suggests that climate change may be an important driver in 
these systems.  Based on these newly established fluvial reconstructions and existing 
paleoclimate data, it appears that aggradation can occur under a variety of climate 
scenarios, but incision events are most likely to occur only if the system has had time to 
develop a depositional profile with a gradient approaching threshold levels. 
3.1. Introduction 
Arroyos are steep-walled, entrenched, typically ephemeral streams commonly 
found in drylands (Graf, 1983).  They form when streams incise into previously deposited 
alluvial fill, and can be differentiated from gullies because of their greater size and longer 
endurance in the landscape (Bull, 1997).  Entrenchment events can occur quite rapidly 
(on the order of years to decades) and lead to loss of productive agricultural lands and 
infrastructure along these alluvial corridors.  
Terrace landforms produced by arroyo cutting are differentiated from other river 
systems in a number of ways, which is largely due to the different time scales over which 
the processes are operating.  Terraces found along large river systems record overall 
net incision over thousands to millions of years.  Alternatively, arroyos and associated 
terraces are more transient features on the landscape and they are typically composed 
of finer-grained alluvium.  Entrenchment occurs on decadal time scales and re-
aggradation on centennial to millennial time scales.  While arroyo terraces may form 
multiple inset levels (similar in form to classic Pleistocene-Holocene terraces) they 
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generally aggrade and degrade within a smaller vertical space, forming multi-
generational aggradational packages that do not record net incision over the Holocene. 
Study of arroyos in the southwestern United States was initiated following the 
well-documented historic period of arroyo entrenchment in the late 1800s and early 
1900s.  This widespread and broadly synchronous phenomenon was economically 
devastating to settlers in the region.  Since that time, population growth in the semi-arid 
southwest has increased dramatically, and more people are living, working and 
recreating near these dynamic river systems.  Studies of fluvial records suggest that 
minor climate shifts can cause major perturbations to streams in the southwestern U.S. 
(e.g. Ely, 1997; Hereford, 2002; Vivoni et al., 2009).  Given that climate models predict 
greater temperature extremes and more frequent floods and droughts in the region 
under increased greenhouse gas conditions (Diffenbaugh, 2005; Kerr, 2008), it is 
important to understand how these fluvial systems have responded to past climate 
change. 
 Most studies regarding arroyos are in agreement that high-magnitude flooding 
events are the main trigger in initiating arroyo incision (Leopold, 1951; Webb and Baker, 
1987; Hereford, 2002), and this is consistent with historical observations. However, the 
specific climatic and geomorphic conditions needed to prime a system for incision are 
not fully understood, and may differ among drainages.  Although an impressive number 
of streams in the southwest incised into their alluvium in a broadly synchronous manner 
during the period of historic arroyo cutting, not all alluvial streams incised.  While it has 
been pointed out that aggradation is the dominant mode in these systems, past studies 
have focused on the incision events (Leopold, 1994; Bull, 1997; Hereford, 2002).  
Reconstructing a fluvial history that examines the timing of both aggradation and incision 
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in relation to past climate change will allow for a greater understanding of the important 
drivers in these systems. 
Equilibrium has long been a favored conceptual framework for discussing river 
behavior.  When applied to alluvial rivers at short time scales (hundreds to thousands of 
years), the concept states that although river systems are inherently dynamic, there is 
some preferred grade and channel geometry that is best adjusted to accomplishing the 
river’s work of conveying sediment and water.  This concept does recognize that 
perturbations can alter the system quite dramatically, but assumes that it will return to its 
equilibrium state afterwards (Knighton, 1998). 
Bull (1997) suggests that discontinuous ephemeral streams are dynamic systems 
that are rarely in equilibrium, and channel morphology and grade may vary abruptly 
along their length.  He indicates that ephemeral streams generally have two end-
member states, the continuously incised arroyos that are commonly observed today, or 
unentrenched valley floors, such as were present in the southwestern U.S. in the 1800s.  
However, an array of channel forms may exist at any one time along a single ephemeral 
stream, including entrenched and aggrading reaches, and incision and coalescence of 
entrenched reaches into a continuous arroyo can happen very quickly (Bull, 1997).  
Because adjustment times after a major system perturbation are long as compared to 
humid-river systems, perhaps disequilibrium is a better descriptor for such systems.  
Therefore, the behavior that earned the nickname the “arroyo problem” due to the 
problems it caused European settlers in the region (Cooke and Reeves, 1976) is simply 
the norm for these systems.   
This research project, undertaken in the upper Escalante River drainage in 
south-central Utah (Fig. 3.1), takes advantage of recent advances in dating methods to 
better understand the timing of arroyo cycles.  One of the major impediments to  
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examining hypotheses regarding the role of climate has been the inability to precisely 
resolve the chronostratigraphic record. 
Advances in radiocarbon (14C) dating such as accelerator mass spectrometry 
(AMS techniques) have permitted analysis of smaller samples than allowed by older bulk 
measurement (as small as ~10 – 20 µg) (Hua, 2009), facilitating greater precision and 
more sampling opportunities in the field.  Similarly, advances in optically stimulated 
luminescence (OSL) dating, which provides an age estimate for the last time sediment  
was exposed to sunlight before deposition (Huntley et al., 1985), can provide ages from 
small aliquot or single-grain measurements.  One of the main advantages of using OSL 
dating is that it allows for greater control in sample placement in order to bracket past 
arroyo cut-and-fill cycles due to the abundance of sand in fluvial systems.   
The main objective of this study is to reconstruct the fluvial history of the upper 
Escalante by developing a robust chronostratigraphy.  When used in conjunction with 
the growing body of paleoclimate literature for the region, the improved fluvial history of 
the upper Escalante River corridor will allow greater insight into how climate changes 
have impacted this semi-arid river system over the Holocene.  Therefore, a second 
objective is to test existing hypotheses regarding factors controlling arroyo cycles, 
specifically the role of climate versus intrabasinal characteristics.  
3.2. Study Area 
The Escalante River, Utah, United States, heads in the Kaiparowits and Aquarius 
Plateaus of south-central Utah on the Colorado Plateau.  The Escalante River has a 
drainage area of 5244 km2 (Fig. 3.1).  The study area is centered on the main trunk 
stream of the upper Escalante River (called Upper Valley Creek) that flows northeast 
and east through generally flat-lying Cretaceous Straight Cliffs and Kaiparowits 
70 
 
Formations comprised mostly of sandstones and mudstones (Figs. 3.2 and 3.3).  
Laramide-aged bedrock structural features in the field area include the broad Laramide 
folds of the Upper Valley Anticline, the Alvey Syncline, and the Escalante Anticline.  
Downstream of the study area, the river crosses into the underlying Mesozoic strata and 
incises into sandstone bedrock of the Jurassic Glen Canyon Group, forming a ~90 km 
long reach of entrenched meanders before entering Lake Powell, a reservoir of the 
Colorado River.  
The headwaters of the Escalante River (upstream of the town of Escalante, UT) 
drain approximately 570 km2 (Fig. 3.1).  Elevations in this region range from 1729 – 3286 
m asl, with an average basin elevation of ~2393 m asl.  The upper Escalante River 
corridor is characterized by a broad alluvial valley that is entrenched by a ~35 km 
continuous, steep-walled arroyo.  Arroyo walls range from <5  to 15 m in height.  The 
lower portions of tributary valleys are similarly filled with alluvium and contain smaller 
arroyos connected to the main channel.   
Based on 74 years of record, average annual precipitation at the town of 
Escalante, UT is 275.1 ± 84.8 mm (10.8 ± 3.3 inches), with a pulse of precipitation falling 
during the late summer and fall (Fig. 3.4a) (Western Regional Climate Center), although 
daily discharges are highest during spring snowmelt (Fig. 3.4b).  Extreme flow events 
tend to occur during the late summer/early fall.  Forty-six of 53 peak annual streamflows 
for the period of record occurred during July – October at USGS Gage 09337500, 
downstream of Escalante, UT (USGS NWIS) (Fig. 3.4c), consistent with the timing of 
late summer convective summer thunderstorms and/or tropical cyclones in the late 
summer/early fall. 
Climatic variability is one of the major features of the southwestern United States, 
which leads to variability in hydrologic response as well.  The geographic location of the  
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southwestern US makes it susceptible to changes in interannual - decadal ocean-
atmosphere circulation patterns, notably the El Niño – Southern Oscillation (ENSO) 
(Sheppard et al., 2002).  El Niño conditions are caused by an increase in sea-surface 
temperatures in the eastern Pacific Ocean.  This temperature increase interacts with 
atmospheric circulation patterns to cause a negative Southern Oscillation Index (SOI) 
(difference in atmospheric pressure between Darwin, Australia and Tahiti) (Cayan et al., 
1999).  Such El Niño conditions are known to have global effects, and generally cause 
wetter winters over the southwestern U.S.  Hereford and Webb (1992) found that warm  
ENSO conditions are also more likely to cause above-average warm-season rainfall.  
The North American Monsoon (NAM), which brings strong convective storms to the 
southwestern U.S. in the late summer and fall, plays an important role in the region 
(Sheppard et al., 2002).  While the NAM is most pronounced in Arizona and New 
Mexico, south-central Utah is also affected.   
The upper Escalante River began incising to form a <5-15 m deep arroyo 
following an extremely large flood that occurred on August 31 – September 1, 1909 
(Webb and Baker, 1987).  This event marked the beginning of a period of unusually 
large floods that lasted into the 1930s, causing further headward and lateral erosion of 
the arroyo until ~1940 (Webb, 1985).  This arroyo cutting episode caused significant 
environmental and economic damage in the area of the newly established town of 
Escalante, UT (Webb, 1985; Webb and Baker, 1987).  While historical accounts 
documented this incision event, less is known about past arroyo cycles within the upper 
Escalante. 
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3.3. Background and previous work 
3.3.1 Background 
Abrupt arroyo-cutting in the southwestern U.S. at the turn of the last century is 
historically one of the most significant geomorphic events in the region (see Cooke and 
Reeves, 1976; Graf, 1983; Webb et al., 1991). Questions regarding the causes of arroyo 
formation attracted many of the great geologists of the time (e.g. K. Bryan, J.T. Hack, E. 
Antevs, etc.).  Several of the first workers to study the “arroyo problem” were quick to 
attribute the onset of incision to changes in land use such as overgrazing (Bailey, 1935; 
Antevs, 1952).  However, continued investigation of the alluvial stratigraphy in arroyo 
walls throughout the southwestern U.S. revealed that several cycles of arroyo cutting 
and filling occurred during the Holocene without major human influence (e.g. Hack, 
1942; Cooke and Reeves, 1976; Hereford, 2002).  Thus, while many workers regard 
land use changes to be a possible contributing factor in historic arroyo initiation, it is no 
longer considered the sole causative mechanism as pre-historic arroyo incision events 
have been widely recognized.  Several hypotheses regarding the causes of arroyo 
incision are set forth below. 
Based on a review of the literature, most workers would agree that a high flow 
event is necessary to initiate arroyo incision (Graf, 1987; Webb and Hasbargen, 1997; 
Hereford, 2002).  However, there is some debate regarding other conditions that must 
be met.  Due to the nearly synchronous arroyo entrenchment around the turn of the last 
century, several researchers have suggested that arroyo incision is driven by changes in 
climate and precipitation regime (e.g. Bryan, 1925; Graf, 1983; Hereford, 2002).  
Understanding how semi-arid river systems respond to climate is difficult given the 
number of factors that can be involved.   
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Several workers have suggested that drought plays an important role in the 
arroyo cycle, although the exact mechanism remains unclear.  For example, Bryan 
(1925) suggested that a shift toward a drier climate could cause incision due to removal 
of vegetative cover causing greater run-off.  In contrast, Bull (1997) suggests that 
transitional periods from drought conditions into a period characterized by anomalously 
large-magnitude discharge events could increase the likelihood of downcutting. 
Further, looking at only “wet” versus “dry” periods may not capture the necessary 
details as infrequent but large-magnitude discharge events also have the ability to 
dramatically alter channel morphology.  Leopold (1951) found that while mean annual 
rainfall amounts may not vary over time, the frequency of large- versus small-magnitude 
rain occurrences can vary significantly in semi-arid watersheds.  Leopold (1951) 
examined precipitation records from New Mexico and found that the onset of the historic 
period of arroyo cutting coincided with a time period characterized by more large-
magnitude rain events in New Mexico than the following decades. 
Webb and Hasbargen (1997) examined the role of ground-water lowering in 
response to drought conditions.  Various lines of evidence (gleying in stratigraphy, 
changes in snail species, and pollen analyses) indicated that ground-water levels 
fluctuated over time in the upper Escalante, and the authors examined whether arroyo 
incision events could be correlated with lowered water tables caused by drought 
conditions.  This possibility was first mentioned by Bryan (1925).  However, Webb and 
Hasbargen’s (1997) research found that there was not a consistent relationship and 
suggested that seasonal precipitation patterns may be a more important factor. 
Major vegetation changes generally occur in response to climate fluctuations.  
Vegetation can play an important stabilizing role in a river system in a number of ways.  
Increased vegetation on hillslopes due to greater effective moisture can lower the 
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occurrence of Hortonian overland flow in semi-arid areas by allowing for greater 
interception and infiltration during precipitation events.  Hortonian overland flow 
contributes to flashy discharge which is capable of initiating incision.  Further, roots from 
more abundant vegetation anchor soil, leading to less sediment removal from hillslopes 
during large storms. 
In addition to hillslope stabilization, vegetation also plays an important 
stabilization role along the banks of a fluvial system.  Riparian vegetation stabilizes the 
root zone, thereby lowering the likelihood of bank erosion and bank collapse during or 
following high-flow events (Knighton, 1998).  Riparian vegetation on the floodplain can 
also play an important role in trapping sediment (thus leading to aggradation).  Further, 
well-established riparian vegetation adds a roughness component to the floodplain 
surface, thereby reducing velocity and thus stream power during large flood events (Bull, 
1997).  Because aggradation is such an important process in these systems (Bull, 1997), 
such vegetation feedbacks in response to climate change or land-use change are 
important considerations. 
Intrabasinal characteristics are another factor that should be considered 
(Schumm, 1973).  Schumm (1973) suggested that, regardless of external factors such 
as climate, streams will naturally reach thresholds due to inherent instability, such as 
increased gradient due to deposition.  Once this occurs, the response to the local 
oversteepening is incision.  Schumm (1973) suggested that when systems are near a 
threshold, hydrologic events could then “push” the system over the threshold (for 
example, a high flow event).  Certainly, not all southwestern rivers flowing on alluvium 
incised during the most recent period of arroyo cutting.  Further, the period of historic 
arroyo cutting spanned decades and entrenchment events were offset among drainages.  
Thus, it is likely that internal geomorphic conditions and thresholds play some role. 
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Since arroyo formation does not occur every time there is a high flow event, 
workers have discussed various scenarios regarding the conditions needed to set up a 
system for entrenchment.  First, a prolonged period of drought may increase sediment 
storage in a basin due to decreased stream power.  Such sediment accumulation could 
lead a system to approach geomorphic thresholds with regard to channel slope, priming 
it for incision (Schumm and Hadley, 1957).  At the same time, drought conditions could 
reduce vegetation cover or facilitate an increase in wildfires that could lead to vegetation 
loss.  Such removal of vegetative cover could lead to greater overland flow during large-
magnitude precipitation events, thus contributing to a high flow event capable of initiating 
arroyo incision.  However, contribution of each of these possible factors and their 
feedbacks may be difficult to elucidate over the Holocene. 
It is unlikely that any one mechanism exclusively drives arroyo cycles; it is more 
likely that there are a number of interacting factors.  Presumably, thresholds are 
important.  However, if arroyo incision was caused solely by the stream trying to 
maintain equilibrium due to topographic thresholds, it is unlikely that the onset of incision 
would occur at approximately the same time over broad regions of the southwest, as 
occurred during the historic period of arroyo cutting.  However, it is important to note that 
human land use changes (such as large-scale livestock grazing in riparian areas) 
occurring at this time may have been an additional factor contributing to the broadly 
synchronous incision observed during the historic period of arroyo incision. 
3.3.2 Previous research in proximal and adjoining drainages 
Hereford (2002) examined arroyo cycles in the Paria River basin of the central 
Colorado Plateau, and also compiled alluvial chronologies from several other drainages 
in the region (Fig. 3.5).  In addition to the well-documented historic period of arroyo 
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incision in the late 1800s to early 1900s, Hereford (2002) provided evidence for another 
incision event in these drainages around 600 – 800 years ago (although these dates are 
not well-constrained in some watersheds).  This period of pre-historic arroyo cutting 
coincides with the Medieval Climate Anomaly.   
Hereford (2002) identified three distinct Holocene alluvial packages in the Paria 
River basin (called the older, intermediate, and younger alluvium) based on sedimentary 
characteristics and age control obtained from 14C ages, dendrochronology, and artifacts 
located within deposits.  The oldest unit was dated at one study location in Park Wash, 
an upstream tributary of Buckskin Wash (a tributary of the Paria River).  Although he 
does not discuss the Park Wash study site in great detail, he obtained the only dates for 
the older alluvium at this site.  The reported ages of 4330 ± 70 14C yrs (5.00 +0.33- 0.29 cal ka 
BP 2010), 5650 ± 35 14C yrs (6.49 +0.07- 0.11 cal ka BP 2010), and 6320 ± 80 14C yrs (7.30 +0.18- 0.22 cal 
ka BP 2010) came from sediments underlying a buried soil, indicated a possible arroyo 
incision event after their deposition and before deposition of the intermediate alluvium.  
The base of the intermediate alluvium as identified by Hereford (2002) was not dated,  
making any attempt at bracketing unfeasible.  However, Hereford (2002) noted that 
aggradation of this intermediate unit must have ended ~800 years ago due to the 
presence of diagnostic artifacts.  The younger alluvium was dated at several study 
locations throughout the Paria River basin and the earliest basal ages obtained indicate 
that the onset of aggradation occurred ~700 years ago at some sites, although 
aggradation started later at other sites.  Based on outcrops studied and the ages 
obtained from them, it appears that aggradation event was continuous until the historic 
period of arroyo incision. 
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Hereford (2002) attributed the latest period of aggradation to climatic factors, 
specifically a decrease of large magnitude flows capable of removing sediment supplied 
to the system.  This period of aggradation from ~700 – 100 years ago roughly coincided 
with the Little Ice Age (LIA), and Hereford (2002) cited evidence from the Paria and 
adjoining basins that fewer large-magnitude flow events were recorded during this time 
period (e.g. Ely, 1992, 1997).  The period of historic arroyo cutting during the late 1800s 
and early 1900s coincided with increased high-discharge events at the end of the LIA 
and with an increase in ENSO activity (Ely, 1992).  Reconstructed chronologies 
indicated that ENSO events were more subdued during the LIA (Hereford, 2002). 
Harvey et al. (2010, in press) returned to two of Hereford’s (2002) study sites in 
Kitchen Corral Wash and obtained additional age control using OSL and AMS 14C dates.  
The updated alluvial record for Kitchen Corral Wash (KCW) (a tributary of the Paria 
River) records evidence for four arroyo cycles over the last 3 ka.  Only four published 
ages were obtained from the KCW outcrops, but their location in the stratigraphy (along 
with cultural remains) allowed for a better attempt at bracketing earlier episodes of 
aggradation and entrenchment in this drainage.  Ages obtained from the middle portion 
of the oldest unit indicate that aggradation of this unit was ongoing by ~2.5 ka.  An OSL 
sample from near the base of the next aggradational unit indicates that this aggradation 
event had started by ~1.56 ± 0.69 ka and terminated some time between 1.2 – 0.8 ka as 
determined by diagnostic artifacts found near the top of the fill.  The third aggradational 
package was not dated, but a clear channel scour indicates that another incision event 
occurred after the ~1 ka event and before the period of prehistoric arroyo cutting.  
Organic material (twigs) from sediments near the base of the youngest unit returned an 
age of 0.54 – 0.66 cal ka BP (1950).   
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Summa’s (2009) work along Kanab Creek, UT revealed evidence for an incision 
event around 0.7 – 1.0 ka, similar to Hereford’s (2002) pre-historic arroyo cutting.  
Additionally, evidence was found for a 20-m entrenchment event a5 3 – 3.5 ka that 
occurred after a major fill package aggraded from ~6 - 4 ka. 
3.3.3 Previous research in the Escalante drainage 
In his dissertation, Webb (1985) focused on reconstructing a paleoflood 
chronology for the Escalante River with an aim of determining if there was a link 
between high-magnitude discharge events and arroyo entrenchment.  As part of this 
research he studied and dated two outcrops within the alluvial valley along with several 
alcoves containing slackwater deposits in the entrenched bedrock reach of the river.  
Results from the alluvial reach indicated that arroyo cycles were important in the upper 
Escalante by ~1.5 cal ka BP 1950.  Based on bulk charcoal 14C ages, Webb initially 
suggested an incision event ~1.1 – 1.0 cal ka and a long period of stability before the 
channel began to fill again around 0.5 cal ka BP 1950.  Subsequent research by Webb 
and Hasbargen (1997), which included a third outcrop not described in Webb’s (1985) 
dissertation, provided evidence for four paleo-arroyo incision events (around 2.0, 1.5, 
1.0, and 0.5 cal ka BP 1950) in addition to the historic arroyo cutting event in the upper 
Escalante River that commenced in 1909 A.D.  While these studies provide a temporal 
framework for the study of arroyo cycles in the upper Escalante, the ages from this 
earlier research were poorly constrained due to the limited number of field exposures 
dated and the lower resolution of these older bulk 14C ages (Fig. 3.6, Table 3.1).  
Evidence for the two oldest incision events is not discussed in detail and appears to be 
based mainly on non-deposition in the three outcrops along with some stratigraphic 
evidence of burn horizons.  The authors suggest that potential burn horizons may  
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Outcrop Fill 
Unit 
1
weighted 
mean age 
3 
(cal ka BP 
2010)
See Fig.
WH1 d 500 ± 45 0.60 0.55 - 0.69 3.6
WH1 d 580 ± 55 0.65 0.58 - 0.66 3.6
WH1 d 640 ± 60 0.67 0.60 - 0.74 3.6
WH1 a 1945 ± 65 1.95 1.78 - 2.10 3.6
WH1 a 2250 ± 50 2.30 2.21 - 2.41 3.6
WH1 a 2605 ± 80 2.73 2.43 - 2.93 3.6
WH2 e 470 ± 60 0.56 0.38 - 0.69 3.6
WH2 e 420 ± 90 0.50 0.35 - 0.63 3.6
WH2 e 470 ± 120 0.53 0.22 - 0.73 3.6
WH2 d 530 ± 60 0.62 0.56 - 0.71 3.6
WH2 d 620 ± 110 0.67 0.40 - 0.85 3.6
WH2 b 1750 ± 65 1.73 1.59 - 1.88 3.6
WH3 e 190 ± 90 0.26 0.06 - 0.49 3.6
WH3 d 570 ± 120 0.63 0.38 - 0.79 3.6
WH3 c 1090 ± 100 1.08 0.85 - 1.32 3.6
WH3 b? c? 1640 ± 90 1.60 1.40 - 1.83 3.6
WH3 b 1590 ± 110 1.56 1.35 - 1.78 3.6
2
 Radiocarbon age presented in Webb and Hasbargen (1997)
3
 Maximum probability of 2-sigma range calculated using weighted mean; ages reported in 
cal yr BP (2010)
4 
Calibrated using IntCal09 (Reimer et al., 2009); 2-sigma range is shown in cal yr BP 
(2010)
Table 3.1
Summary of 
14
C samples from previous work in the upper Escalante
14
C age 
2
1
 Fill units were interpreted and assigned based on figures and text in Webb and 
Hasbargen (1997)
2σ age range 
4 
(cal ka BP 
2010)
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indicate time periods when the water table was lowered (presumably because of arroyo 
incision), allowing vegetation to dry out and burn in subsequent fires (Webb and 
Hasbargen, 1997). 
Other workers (Boison and Patton, 1985; Patton and Boison, 1986) have 
examined terraces in tributaries of the lower Escalante River (Coyote Gulch and Harris 
Wash) (Fig. 3.1).  Aggradation episodes in Coyote Gulch are thought to be controlled by 
intrabasinal characteristics such as increased sediment production from landsliding 
along the Straight Cliffs (Boison and Patton, 1985).  In Harris Wash, the terrace record 
was interpreted to record complex geomorphic response, where periods of upstream 
incision were linked to increased deposition downstream (Patton and Boison, 1986).  
Age control from this tributary was based on opportunistic sampling of charcoal within 
the stratigraphy and incision episodes were loosely constrained to have occurred at 
2500 – 1900 14C yr B.P. and 1000 – 300 14C yr B.P. (Patton and Boison, 1986).  
Webb (1985) and Webb et al. (1988) reconstructed the paleoflood record of the 
Escalante River to augment the limited stream gage record of high-discharge events.  
The largest recorded flood of 129 m3/s occurred on August 24, 1998 (USGS NWIS), 
coincident with the highest recorded amount of precipitation for that day (0.97 inches at 
station 422592, Escalante, UT, Western Regional Climate Center) due to a monsoonal 
precipitation event.  The first USGS gaging station was destroyed in 1909 by the historic 
flood that initiated arroyo incision, so there is no gaged record of this flood.  Webb 
(1985) and Webb et al. (1988) studied two slackwater deposit sites in alcoves  
downstream of Escalante but upstream of any major tributaries entering the river.  They 
surveyed cross-sections and used slackwater deposits and silt lines to determine paleo-
flow elevations.  Paleoflood deposits were dated using bulk charcoal (Table 3.2).  Using 
step-backwater modeling (HEC-2), the authors computed discharges for recorded  
Deposit Depth 
(cm)
weighted 
mean age 
2 
(cal ka BP 
2010)
Rating 
4
Notes 
5
Left Inset 64 1
Left Inset 96 150 ± 80 0.22 0.06 - 0.37 1
Left Inset 135 210 ± 90 0.28 0.06 - 0.52 1
±
Main Deposit 20 980 ± 80 0.94 0.79 - 1.12 1
Main Deposit 64 1150 ± 110 1.14 0.86 - 1.35 1
Main Deposit 135 1210 ± 100 1.19 1.00 - 1.36 1
Main Deposit 160 1680 60 1.65 1.48 - 1.77 3 age reversal
Main Deposit 190 1480 ± 100 1.46 1.24 - 1.66 2
Main Deposit 220 2080 ± 70 2.12 1.94 - 2.37 2
±
Downstream Terrace 60 430 ± 100 0.50 0.35 - 0.71 1
Downstream Terrace 90 550 ± 90 0.63 0.39 - 0.74 1
Downstream Section 61 350 ± 110 0.43 0.06 - 0.68 1 cattle dung
Downstream Section 92 260 ± 90 0.34 0.06 - 0.56 1
Downstream Section 144 1400 ± 90 1.37 1.15 - 1.58 2
Downstream Section 180 2590 ± 860 2.85 0.86 - 4.90 1
Downstream Section 187 310 ± 70 0.42 0.06 - 0.57 4 inset deposit
Upstream Section 65 1030 ± 70 1.00 0.83 - 1.23 2
Upstream Section 130 1500 ± 110 1.48 1.24 - 1.75 2
Upstream Section 220 830 ± 60 0.83 0.73 - 0.97 2 age reversal
Center Section 50-70 1100 ± 120 1.09 0.85 - 1.34 5
Aboriginal Zea 
mays
1
 Radiocarbon age presented in Webb et al. (1988).
5
 Notes on samples from Webb et al. (1998).
3 
Calibrated using IntCal09 (Reimer et al., 2009); 2-sigma range is shown in cal ka BP (2010).
Modern
Anasazi Alcove (km 42.9)
The Alcove (km 38.3)
4
 Ratings as designated by Webb et al. (1988) are (1) transported leaves and twigs directly entrained in the deposit; 
(2) charcoal from local hearth or burned horizon: (3) transported wood, probably significant older than the deposit to 
be dated; (4) transported and possibly redeposited charcoal; (5) organic material not in direct association with a 
deposit but that provides an age constraint.
2
  Maximum probability of 2-sigma range calculated using weighted mean; ages reported in cal ka BP (2010) rounded 
to the nearest decade.  Calcuated using a spreadsheet provided by G. Meyer, University of New Mexico.
Table 3.2
Summary of 
14
C samples from paleoflood deposits on the upper Escalante
14
C age 
1
2σ age range
 3 
(cal ka BP 
2010)
86
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paleoflood events and calculated the largest discharge estimate to be 720 m3/s from a 
flood that occurred 0.94 +0.18- 0.15 cal ka BP 2010.  The authors found that over the last 2100 
years, large flood events did not occur randomly, but in clusters at 1100 – 900 14C yr 
B.P., 600 – 400 14C yr B.P., and historically. 
In summary, Webb and Hasbargen (1997) have proposed that arroyo incision 
events have occurred roughly every 500 years over the past 2 ka (~2, 1.5, 1.0, and 0.5 
14C yr B.P., as well as historically).  Very poorly constrained alluvial records from 
tributaries of the Escalante may show broadly similar timing for incision (2500 – 1900 14C 
yr B.P. and 1000 – 300 14C yr B.P.  Large flood clusters as identified by Webb et al. 
(1998) correspond with the three most recent entrenchment events as determined by 
Webb and Hasbargen (1997). 
3.4. Methods 
3.4.1 General geomorphic methods 
Field work was performed during 2009 – 2010, and included surficial mapping, 
stratigraphic descriptions, and 14C and OSL sample collection.  The selected map area 
encompassed an area of 146 km2 and covered parts of four USGS 7.5” quadrangles – 
Upper Valley Creek, Canaan Creek, Wide Hollow Reservoir, and Escalante (Fig. 3.2).  
Detailed mapping of the area was a first step towards reconstruction of the arroyo history 
of the upper Escalante.  Although it is not the main goal of the project, the surficial 
geologic map will also provide important information to governments, utilities and 
property owners regarding possible hazards in the area.  This once isolated region 
became part of the Grand Staircase-Escalante National Monument in 1996, and many 
people now visit the area for recreational purposes.  The main transportation route 
through the area, Highway 12, is located in close proximity to the arroyo and is 
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vulnerable to damage from continued headward or lateral erosion in this area.  The map 
area followed the alluvial corridor and focused on Quaternary surficial deposits (with an 
emphasis on alluvial deposits) at a 1:24,000 scale (Plates I – IV).  This was 
accomplished by mapping in the field with the aid of topographic maps and aerial 
photographs.  Identified map units were digitized using ArcGIS.  Mapping was made 
possible by EDMAP grant award number G09AC00141. 
The long profile of the study reach was constructed using a 5-m DEM and 
determining elevations of both the modern river and the Qat1 terrace at multiple points 
along a straight-line valley axis.  These were plotted along with significant geomorphic 
features such as knickpoints and major tributary junctions.  The long profile for the entire 
Escalante River was constructed using a 30-m DEM and only includes the modern 
channel as Qat1 terrace is not a significant geomorphic surface once the river transitions 
into the entrenched bedrock meander reach. 
Initial field reconnaissance included walking much of the channel in Upper Valley 
Creek to evaluate sites for further study.  Sites were selected based on recognition of 
unconformity-bounded fluvial sequences or the presence of a thick sequence of 
aggradational packages in the well-exposed arroyo walls.  Ultimately, a total of eleven 
sites (labeled A-J and Z) were selected for age control and/or detailed stratigraphic study 
(Figs. 3.7 and 3.8).  Outcrops A-J are located (from up to downstream) along the 
exposed arroyo walls, while Outcrop Z is designated separately because it represents a 
higher and older surface exposed within a roadcut.   
Each site was mapped and photo-documented, and sedimentary context was 
recorded for all samples collected.  Detailed outcrop panels were recorded at sites A, B,  
C, D, E, F, H, and I, and included description of the following:  contacts (e.g. 
unconformities, important marker horizons), bed thickness and geometry, grain size and  
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sorting, sediment color, sedimentary structures, and any indicators of weakly developed 
soils.  Indicators of weak soil development that were catalogued included massive sand, 
bioturbation (burrows, root traces), calcite development, and redoximorphic features.  
Representative stratigraphic sections were constructed from each of the outcrop panels. 
3.4.2 Geochronology methods 
Unconformity-bounded alluvial packages in the study outcrops were dated using 
both 14C and OSL dating methods in order to better constrain the timing of arroyo cut-
and-fill cycles.  A total of 18 radiocarbon samples and 24 OSL samples were collected 
from 11 outcrops (Figs. 3.7 and 3.8).  Fifteen of the 18 14C samples were analyzed at the 
University of Arizona Accelerator Mass Spectrometry Laboratory; the remaining three 
were sent to Beta Analytic.  All OSL samples were prepared and analyzed at the Utah 
State University Luminescence Laboratory; of the original 24 samples, 21 were analyzed 
for age determination.  Ages obtained in the study were used in conjunction with 
sediment characteristics to define the major Holocene aggradational packages in the 
study area, designated units I (oldest) – VI (youngest). 
3.4.2.1 Radiocarbon dating.  While many arroyo chronologies are based on 14C 
ages, radiocarbon dating can be problematic in fluvial settings.  First, sampling is 
opportunistic, and charcoal may not be suitably located in a deposit to best constrain the 
timing of aggradation and degradation, limiting resolution of the record.  Even in deposits 
with abundant charcoal or organic material for 14C dating, reworking of older material in 
fluvial environments can lead to age overestimates (Gillespie et al., 1992).  This is 
particularly important in semi-arid to arid settings, where organic material can be stored 
in upland areas for decades to centuries before being incorporated into the fluvial 
system (Schiffer, 1986).  In addition, with wood or charcoal samples from burned trees, 
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material from the center of the tree can be hundreds of years older than that taken from 
the outer rings (Schiffer, 1986).  In all cases, the organic material being dated is older 
than the sediments they are contained within.  Finally, many studies before the 
development of AMS 14C dating relied on bulk radiocarbon ages, which may compound 
the problems enumerated above by averaging ages of organic material from several 
sources to achieve the larger sample volume requirements (Walker, 2005). 
While 14C age overestimates are the main concern in fluvial settings, 
contamination capable of producing an age that is too young is also possible.  Mold, 
bacteria, or rootlets from modern plants can all add young carbon to a sample (Walker, 
2005).   Also, bioturbation produced by burrowing animals may move datable material 
deeper into the profile, which could produce an erroneous age.  Finally, another problem 
within the watershed is coal sourced from the Cretaceous bedrock in the area; two of the 
18 14C samples were determined to be radiocarbon dead and are interpreted as coal. 
In order to minimize these problems, preference was given to unburned organic 
material or charcoal obtained from in-situ burn surfaces; however, such material was not 
readily obtainable at most outcrops.  Charcoal-rich lenses were fairly common at key 
outcrops.  Although clearly water-transported (thereby reworked), large angular pieces 
were selected where available since they indicate minimal transport and deposition after 
a fire within the catchment.  Finally, in some locations, isolated pieces of charcoal or a 
single piece extracted from a bulk sample was collected, although these were the least 
desirable.  Sample material and context were recorded for each sample collected (Table 
3.3).   
All 14C ages were calibrated using the IntCal09 calibration curve at the 2-sigma 
confidence level (Reimer et al., 2009) and are reported in calendar years BP (2010) to 
allow direct comparisons with OSL ages.  For simplicity, the maximum probability ± 2- 
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sigma range is reported on figures and used for discussion in the text.  Further details 
regarding sample preparation and analyses can be found in Chapter 2. 
3.4.2.2 OSL dating.  OSL provides an age estimate for the last time sediment (in 
this case, quartz sand) was exposed to sunlight during transport (Huntley et al., 1985).  
After deposition and burial, defects in the quartz crystal lattice trap electrons produced 
by ionizing radiation from radioisotopes and daughter products of potassium, rubidium, 
thorium, and uranium in the surrounding sediments and from exposure to incoming 
cosmic rays.  These traps are emptied, or zeroed, when exposed to light during 
sediment transport, a process called bleaching.  In the lab, the natural luminescence 
signal acquired during burial is compared to the luminescence produced after exposure 
to known doses of radiation.  The level of radiation required to produce a similar 
luminescence response as the natural sample is called the equivalent dose (De) (Aitken, 
1998).  In addition to experimentally determining the De, the dose rate, or rate of 
radiation exposure from surrounding sediments during burial is also measured (Aitken, 
1998).  Once these two variables are known, the OSL age can be calculated. 
The OSL dating method assumes that the grains being analyzed were 
completely reset (bleached) by sunlight prior to burial, which may not always the case in 
fluvial settings.  Transport distances in small river systems are short, limiting sunlight 
exposure, and addition of older sediments stored in riverbanks is likely (Rittenour, 2008).  
Further, flows in semi-arid river systems are often turbid, which reduces sunlight 
penetration into the water column.  Such conditions can lead to incomplete resetting of 
the luminescence signal (incomplete bleaching) of grains in a sample, which can cause 
an over-estimate of the calculated age (Wallinga et al., 2001; Murray and Olley, 2002; 
Jain et al., 2004).  In young samples that display evidence of incomplete bleaching, 
researchers have advocated the use of single-grain dating because analysis of multiple-
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grain aliquots of sand may mask the youngest population by averaging the natural 
luminescence stored in both bleached and non-bleached grains (Olley et al., 1998; 
Duller, 2004).  
Because incomplete bleaching was expected to be an issue in this system, an 
effort was made to identify deposits containing sediments most likely to have 
experienced sufficient sunlight exposure prior to deposition.  For example, deposits 
exhibiting sedimentary structures indicative of rapid flow and high sediment 
concentration were avoided.  Bioturbated units (those displaying massive bedding or 
numerous root traces and/or animal burrows) were also avoided because bioturbation 
causes the mixing of different-aged grain populations.  As suspected, most Holocene-
age OSL samples displayed evidence for incomplete bleaching, and therefore most OSL 
ages presented in this paper were calculated using either a three- or four-parameter 
minimum-age model ( denoted MAM-3 or MAM-4) of Galbraith et al. (1999) to determine 
an accurate depositional age.  Additionally, single-grain dating was used to obtain the 
age of 12 of the 21 OSL samples (generally the samples that were very young (<1 ka) or 
that otherwise proved problematic using small aliquots due to significant positive skew 
from incomplete bleaching).  Because of the time-intensive nature of single-grain 
analysis, all single-grain ages presented are considered preliminary. 
3.5.  Geomorphology of study area 
The upper Escalante River corridor is characterized by an alluvial valley ranging 
from ~120 – 900 m wide between bedrock walls.  The alluvium is entrenched by a 
continuous, steep-walled arroyo (walls range from <5 – 15 m) that is ~35 km in length.  
Sediment color and characteristics indicate sourcing from Cretaceous and Tertiary 
bedrock in the catchment.  Additionally, large dissected Pleistocene deposits in the 
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headwaters (map unit QTgr, Plate IV) are composed of reworked gravels (possibly 
sourced from Cretaceous conglomerates), and locally supply abundant gravel-sized 
sediment to the system. 
Except for minor higher Pleistocene deposits, the upper Escalante River valley is 
dominated by one major geomorphic terrace unit (Qat1) that is associated with the pre-
1909 floodplain surface (Plates I – IV).  There are subtle differences in the tread heights 
of Qat1 which may be associated with former pre-arroyo channels and floodplain levels.  
The alluvium underlying the Qat1 map unit is Holocene, and records multiple arroyo 
cycles.  It is possible that Pleistocene deposits are present under the Qat1 terrace 
surface; however, they were not exposed in the outcrops studied.   
As documented by Webb and Baker (1987), some aggradation has occurred 
since the historic period of arroyo cutting.  These aggradational surfaces (combined as 
map unit Qal1) consist of low terraces within the modern arroyo that are infrequently 
inundated by floods in the current climate and flow regime.  This is indicated by 
vegetation communities on these surfaces that do not tolerate frequent flooding, such as 
pinyon, juniper, and sagebrush. 
With the exception of one major knickpoint near the valley margin and a man-
made diversion, the modern stream channel rests on alluvium, and the depth to bedrock 
is unknown.  One well-log obtained from a land-owner on Upper Valley Creek indicates 
that in some locations the alluvium is up to 54 m below the pre-arroyo floodplain (Qat1) 
(see Fig. 3.7 for well location).   
The long profile of the modern river within the study area is generally straight and 
steep (overall gradient ≈ 0.0176), reflective of its position in the headwaters of the 
Escalante River (Fig. 3.9).  Some convexities are noted in the channel profile, and 
appear to correlate with tributaries entering the trunk stream and depositing sediment  
97 
 
  
98 
 
that the stream is not competent to transport under normal flow conditions.  These are 
particularly pronounced in the upper portion of the study area, and may be related to 
tributaries that have a proximal supply of coarse-grained sediments derived from QTgr 
gravels (Plate I) as well as abundant fine-grained sediment sourced from the relatively 
easily erodible Cretaceous Kaiparowits Formation.  Additionally, tributaries entering from 
the north side of the valley originate on the Aquarius Plateau in an area with clear 
landslide scarps that have likely contributed large sediment pulses throughout the 
Holocene.  Such sediment inputs in the upper portion of the catchment, combined with 
lower overall peak discharges, may also help explain the variation in arroyo wall height 
throughout the study reach (wall heights are typically much greater along the first 12 km 
of Upper Valley Creek).  That is, transport gradients in the most upstream reaches may 
be greater than in lower reaches because discharges of the magnitude needed to 
entrain large amounts of sediment occur less frequently.  Further, the upper portion of 
the watershed (approximately the first 10 km) contains alluvium sourced from fine-
grained Cretaceous Kaiparowits Formation.  Such finer-grained sediment may take 
slightly greater stream power to entrain and initiate incision relative to lower reaches that 
flow through sandier alluvium.  However, once incision begins (perhaps during a period 
characterized by large-magnitude discharge events), vertical incision may proceed 
rapidly.  
A bedrock knickpoint is found at ~10 km (Fig. 3.9).  The knickpoint occurs at 
roughly the same location where the underlying bedrock transitions from the Cretaceous 
Kaiparowits Formation to the Cretaceous Straight Cliffs Formation.  This knickpoint does 
not represent a significant change in channel elevation and is not apparent on the DEM-
derived long profile (Fig. 3.9).  However, it is important to note that this may be an 
example of smoothing associated with using a DEM-derived long profile.     
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3.6.  Stratigraphy 
Eleven key outcrops were identified for sampling, and eight of these were 
selected for detailed stratigraphic description (A-F, H, and I) (detailed stratigraphic 
sections can be found in Appendix B).  Given the somewhat uniform character of 
sediment in the watershed (generally gray and tan silts and sands derived from 
Cretaceous bedrock), sediment packages of different ages were not always easy to 
distinguish.  The eight outcrops were selected because they included either 
unconformable depositional sequences or because they contained recognizable buttress 
unconformities that could help constrain the timing of distinct aggradational packages.  
Six aggradational packages (denoted units I (oldest) – VI (youngest) throughout this 
paper) were identified based on bounding unconformities, soil development, the 
geochronology, and sedimentary characteristics.  Evidence for the delineation of these 
units is discussed in greater detail in section 3.7, but the terminology is being introduced 
here as it is used in outcrop descriptions and figures.   
Within these units, four major depositional environments were identified as 
follows and are used in subsequent outcrop figures: 1) channel deposits (C) (both 
mainstem and tributary), consisting of imbricated gravel, granules and cross-bedded 
generally medium to coarse sand.  These deposits were generally lenticular and of 
limited lateral extent (2 – 10 m).  2) Channel proximal  deposits (CP), consisting of small 
side-channel deposits and/or multiple cm – dm scale tabular ripple-laminated sand with 
overlying mud drapes indicating deposition by overbank flood events.  The interpreted 
overbank flood deposits are often laterally continuous (up to tens of meters).  3) Channel 
distal deposits (CD) consisting of finer-grained horizontally bedded silt and clay that  
often showed evidence of relatively slow aggradation as evidenced by the 
bioturbation/disruption of initial beds or laminae.  These deposits are commonly 
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associated with snail assemblages and redoximorphic features indicative of a high water 
table for at least some portion of the year.  These deposits were also laterally continuous 
(up to tens of meters).  4) Poorly sorted mass movement deposits (MM).  Such deposits 
were not prevalent in the study area but were characterized by matrix-supported, poorly 
sorted deposits containing sub-angular to angular randomly oriented pebble- to cobble-
size clasts.  Preservation of deposits was variable; several sites exhibited intense 
bioturbation and weak soil development, indicating periods of temporary stability of 
geomorphic surfaces. 
3.6.1 Outcrop A 
Outcrop A (Fig. 3.10) is the most upstream study site, and is located near the 
valley edge at the base of one of the Pleistocene gravel units (QTgr) (Fig. 3.7; Plate IV).  
This ~10 m arroyo wall is characterized by 3 units separated by erosional unconformities 
and/or soil development.  Unit I sediments (~3 m) make up the base of this outcrop and 
consist of four distinct beds.  Deposits at the base consist of coarse-grained, matrix-
supported mass-movement deposits and pebble-cobble channel gravel deposits.  These 
are overlain by up to ~2 m of finer-grained sediment (relatively well-indurated fine sandy 
silt with thin mud drapes).  Dry colors (Gley 1 7/10Y matrix with abundant redox 
depletions (mottles) of 10YR 7/6) along with gastropods indicate deposition in a marshy 
setting.  Weak soil development features (redox depletions, common calcite nodules, 
bioturbation) at the top of unit I indicate a period of floodplain stability and non-
deposition.   
Unit II scours into unit I and has a total thickness of ~ 6 m (Fig 3.10).  Basal 
deposits include imbricated, well-rounded gravels and planar to cross-bedded sand.   
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These basal channel deposits are capped by ~1.5 m of cm-dm scale planar bedded 
medium sand separated by mm-scale silty sand lamina.  These tabular sand units show 
minimal evidence for bioturbation, indicating fairly rapid deposition by overbank floods. 
Overlying this are two distinct deposits consisting of alternating mm-scale layers of very 
fine silty sand and darker, more organic-rich silt.  These layers contain abundant rooting 
with redoximorphic concentrations, indicating quiet shallow-water deposition.  The finer-
grained deposits are separated by ~1.0 m of mL – mU sand with small gravel lenses at 
the base, suggesting lateral channel shift.  Additionally, the presence of gravel lenses 
indicates aggradation of the channel during the time of this depositional package.  The 
uppermost package in the unit II sediments (from ~7.3  – 9 m) consists of faintly bedded 
– massive sand with a possible weak A horizon at the top as indicated by darkened 
sediments (as described from below given the height above the modern channel).  Unit 
IV deposits make up the upper 1 m of Outcrop A, and consist of tabular cm – dm scale 
fine to medium cross-bedded sand capped by thin silty layers. 
Age control for this outcrop consists of two OSL and two 14C samples from unit II, 
and one OSL and one 14C sample from unit IV (Fig. 3.10, Tables 3.3 and 3.4).  An OSL 
sample was collected from unit I, but probable reworked sediments from the Pleistocene 
gravel deposit immediately upslope and behind this outcrop produced an age 
overestimate (≥ 80 ka) and the sample was not further analyzed. 
3.6.2 Outcrop B 
Outcrop B (Fig. 3.11) is approximately 7 m tall and exhibits a major buttress 
unconformity.  Unit V scours into older unit II sediments, and the outcrop is capped by 
unit VI sediments.   
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Unit II sediments consist of packets of alternating fine-grained (clay – silt) 
deposits and sand-dominated deposits.  The fine-grained deposits (from 0 - ~1 m and  
~2.2 – 3.2 m) are characterized tabular, weakly bedded clay and silt that exhibits blocky 
structure and vertical cracking.  Gastropods are common throughout both these 
deposits.  Sandy deposits (from ~1.0 – 2.2 m and ~3.2 – 4.6 m) consist of fine – medium 
sand with some coarse sand/pebble gravel lenses.  Weak bedding was visible in some 
packages, although many sand bodies exhibited massive structure and rooting, 
indicating that deposition was not occurring at a constant rate.  A lenticular deposit from 
~1.7 – 2.2 m containing imbricated gravels and medium to coarse sand indicates 
channel aggradation.  Small lenses of gravel and bedded sand were also visible in the 
uppermost unit II sand deposit (~3.2 – 4.6 m), although this portion of the outcrop was 
described from below given the height above the modern channel. 
Prior to the deposition of unit V sediments, the system incised at least 4.6 meters 
to form a broad channel cut as indicated by clear truncation of layers.  Further, while unit 
V sediment packages are generally tabular, they become broadly lenticular at the paleo-
arroyo boundary.  Overall, unit V sediments are more sand-dominated than the adjacent 
unit II sediments, although there are two relatively thin packages of fine-grained clay/silt 
(around 2.7 m and from ~3.8 – 4.2 m).  Basal unit V trough cross-bedded fine – coarse 
sand (0 – 1.5 m) includes common mud rip-up clasts, indicating in-channel deposition 
during a large flood event. 
The uppermost unit II and V sediments were described from below given the 
height above the modern channel.  A faint possible A horizon at the top of both the unit II 
and V sediments was noted due to a darkening of sediments, which may indicate a 
period of stability.    
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More than 2 m of unit VI sediments cap the outcrop and consist of tabular dm-
scale planar bedded sand interbedded with thin siltier layers, indicating deposition 
through a series of overbank flooding events.   
Age control for this outcrop consists of one OSL sample and one 14C sample 
from unit II, two OSL samples and one 14C sample from unit V, and one 14C sample from 
unit VI (Tables 3.3 and 3.4).   
3.6.3 Outcrop C 
Outcrop C (Fig. 3.12) is ~7 m tall and consists of three sediment packages 
separated by erosional unconformities.  Unit I sediments at this outcrop consist of 
massive tan sand with burrows, indicating weak soil development and surface stability 
following deposition.   
Unit II deposits are slightly erosional into unit I and consist of up to ~2 m of fine 
grained (silty clay) deposits that display cm-scale bedding.  Extensive redoximorphic 
concentrations (matrix color Gley 1 7/5G with 10R 7/4 mottles, dry)), rooting, and 
common gastropods indicate quiet shallow water deposition.   
The upper 3-4 m of this outcrop consists mostly of massive sand.  Imbricated 
gravels and weakly preserved planar bedding at the base of this undated fill suggest 
channel incision and subsequent aggradation. 
Age control from this outcrop comes from one 14C sample from unit I and one 14C 
sample from unit II (Tables 3.3 and 3.4). 
3.6.4 Outcrop D 
Outcrop D (Fig. 3.13) is ~5.3 m tall and represents at least 2 packages consisting 
of unit III and IV sediments.  The top portion of the outcrop was covered with slopewash 
and therefore not described or dated, so it is possible that other younger units are  
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present.  Delineation of units was difficult at this outcrop and sample ages obtained did 
help constrain the final unit designations presented here more so than at other outcrops. 
Basal unit III sediments generally consist of ~1.5 m of massive fine sand with 
floating pebbles.  CaCO3 stringers are common throughout and indicate soil  
development and a period of stability.  This massive sand package grades laterally 
upstream to fine to medium cross-bedded sand.   
Unit IV sediments are slightly erosionally inset into unit III and appear similar to 
unit III sediments below.  They consist of bedded sand grading to more massive sand at 
the top of this approximately 1.5 m package of sediment.  There is a possible hearth or 
other burn horizon located near the base of unit IV sediments within locally massive 
sand, as indicated by darkening of sediments and numerous charcoal fragments.  The 
presence of a hearth feature, along with common calcite stringers and burrows point to 
another period of stability.   
The massive sand near the top of the described section (~2.5 – 3.0 m) is poorly 
sorted with floating granules/pebbles and common CaCO3 stringers.  It is very similar in 
appearance to sand directly below and is currently interpreted to belong to the same 
unit; however, burrows at ~4.4 m were clearly present prior to the deposition of the 
uppermost described sand, indicating at least some period of floodplain stability. 
Although they were heavily bioturbated, the depositional environment for both 
units described at this outcrop was interpreted to be channel or channel proximal based 
on grain-size characteristics and some preserved bedding. 
Age control for this outcrop consists of one OSL sample and two 14C samples 
from unit III, and one 14C and one OSL sample from unit IV (Tables 3.3 and 3.4). 
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3.6.5 Outcrop E 
Outcrop E (Fig.3.14) is ~4 m tall and consists of a buttress unconformity 
separating unit V and unit VI sediments.  Unit V consists of up to ~1.5 m of planar to 
ripple-laminated fine to medium brown (10YR 5/3, dry) sand interbedded with slightly 
finer grained (very fine to fine) brownish yellow (10YR 6/6, dry) sand layers.   
Unit VI sediments fill a channel scour that clearly truncates the massive orange 
sand layers of underlying unit V.  These unit VI sediments consist of imbricated, clast-
supported channel gravels at the base of the deposit, capped by up to ~1.5 m of 
sweeping low-angle trough cross-bedded medium to coarse sand with common 
imbricated pebble-gravel channel lenses.  Minor lenses of well-indurated finer-grained 
material w/ extensive mottling and roots are also present. 
Age control from this outcrop consists of one OSL sample from unit V and two 
OSL samples and one 14C sample from unit VI (Tables 3.3 and 3.4). 
3.6.6 Outcrop F 
Outcrop F (Fig. 3.15) is ~3.8 m tall and also consists of probable unit VI 
sediments within a channel scour that is erosional into unit V below.  The older unit V 
consists of up to ~1 m of faintly planar bedded fine to medium sand capped by an 
extremely bioturbated package of massive silty very fine sand (up to 0.5 m) with some 
burrows, indicating some period of surface stability. 
The younger sediments consist of imbricated channel gravels at the base and 
massive to faintly bedded sand with small gravel lenses above.  The channel-filling 
sediments of the younger unit interfinger with channel proximal deposits, and intense 
bioturbation was noted here as well. 
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Age control for this outcrop was obtained from one OSL sample from the older 
sediment package (unit V), and one OSL and one 14C sample from the younger package 
(unit VI) (Tables 3.3 and 3.4). 
3.6.7 Outcrop G 
Outcrop G (Fig. 3.16) was not studied in great detail, but this outcrop is 2.1 m tall 
and consists of generally tabular imbricated channel/bar gravels and channel/bar sand  
with well-preserved sedimentary structures.  One OSL sample was collected from these 
deposits. 
3.6.8 Outcrop H 
Outcrop H (Fig. 3.17) is a complex outcrop consisting of units III and IV on the 
downstream end of the exposure, and unit VI at the upstream portion.  At this outcrop, 
unit III sediments consist of planar bedded fine to medium sand (2.5Y 5/3) that transition 
upward into more massive sand with only faint bedding preserved.  The massive sand, 
slightly lighter color (2.5Y 6/3), and more intense rooting in the upper portion of this unit 
indicate soil development.   
Unit IV scours into unit III and is characterized by a large deposit of imbricated, 
rounded channel gravels topped by planar to ripple-laminated fine to coarse sand with 
granule-pebble lenses.  This package is overlain by mostly massive fine sand that may 
be unit IV sediments as well, although the age of the package was not determined 
because the 14C sample collected here was composed of coal and was radiocarbon 
dead.   
Upstream, there is another scour cutting into probable unit IV sediment.  This unit 
VI packet consisted of channel gravels and fine to coarse sand and was topped by up to 
1.3 m of well-preserved planar to trough bedded medium sand that probably represents  
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one flood event.  Another younger package of sediments is inset into this deposit - 
perhaps a small remnant of sediments that were deposited during the large flow events 
that created the modern arroyo or a post-incision surface (Qal1). 
Age control from this outcrop consists of one OSL and one radiocarbon sample 
from unit III, one OSL and one 14C sample from unit IV, and one 14C sample from unit VI 
(Tables 3.3 and 3.4). 
3.6.9 Outcrop I 
Outcrop I (Fig. 3.18) is ~6 m tall and may contain three different fill units (IV, V 
and VI).  However, unit IV and V deposits are sedimentologically similar and may 
represent slightly different depositional environments (channel versus channel proximal) 
from the same general depositional time period.   
Currently interpreted unit IV sediments at this outcrop consist of tabular cm – dm 
scale packets of fine to medium ripple laminated sand capped by thin (1-3 cm) siltier 
units.  Very little bioturbation or rooting is present and indicates somewhat rapid 
deposition through several bank over-topping events.   
Unit V scours into unit IV and consists of basal imbricated channel gravels and 
medium to coarse sand that exhibits well-preserved planar and trough cross-bedding.  
These channel deposits grade laterally into probable channel proximal deposits 
consisting of fine ripple laminated sand with some root traces that clearly existed prior to 
deposition of the overlying unit VI sediment.   
Additionally, a clear, planar contact exists between unit V and unit VI sediments.  
Unit VI sediments are laterally extensive and consist of > 2 m of cm to dm scale packets 
of ripple-laminated sand capped by thinner silty units, indicating probably deposition by 
overbank flooding. 
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Age control from this outcrop came from one 14C sample from unit IV, two OSL 
samples and a 14C sample from unit V, and one OSL sample from unit VI.  
3.6.10 Outcrop J 
Outcrop J is ~8 m tall (Fig. 3.19).  The outcrop was not studied in detail, but the 
basal sediments at this outcrop are composed of imbricated channel gravels with sand 
lenses.  No clear erosional contacts were observable, and most sand packages in the  
middle-upper portion of the outcrop appear tabular in nature.  An OSL sample was 
obtained at the base of this outcrop. 
3.6.11 Outcrop Z 
Outcrop Z is an ~9 m tall roadcut exposing reworked Pleistocene gravels and 
sand (Fig. 3.20).  A well-developed soil is present at the geomorphic surface of this 
outcrop.  The uppermost portion of this soil was not described in detail, but clearly differs 
from all soil development features described in Holocene sediments in the study area.  
This soil contains an ~1 m thick B horizon as indicated by the relatively redder color (Fig. 
3.20a). Age control was obtained from one OSL sample collected ~50 m south on the 
same outcrop.  Because this surface is dissected, no B horizon was present here; 
however, there were significant CaCO3 concentrations (Fig. 3.20c).  The OSL sample 
was collected at approximately 4.4 m depth from a faintly bedded sand lens; surrounding 
sediment was poorly sorted massive sand (2.5Y 6/3) with common CaCO3 stringers; 
sand was strongly effervescent with dilute 10% HCl. Imbricated gravels and cobbles 
overlying the OSL sample location have common CaCO3 coatings on the bottom 
surfaces, and sand lenses within these gravels also display common pedogenic CaCO3, 
either as stringers or disseminated CaCO3.   
119 
 
 
120 
 
  
121 
 
3.7. Chronostratigraphy  
Samples for age control were collected at the eleven outcrops discussed above 
(Figs. 3.7 and 3.8).  An extensive sampling effort was made and a total of 42 samples 
were collected.  Three of the OSL samples were not analyzed, and two of the 14C 
samples were determined to be coal, so a total of 37 ages were obtained (all single-grain 
OSL ages presented in this paper are still preliminary).  OSL and 14C ages obtained in 
this study are listed in Tables 3.3 and 3.4.   
All units sampled in the upper Escalante are Holocene in age except for the 
sample from outcrop Z (Fig. 3.7; Table 3.4).  This sample was collected from a sand lens 
in an older gravel deposit and has an OSL age of 70.2 ± 5.5 ka.  Such gravel deposits 
comprise a major map unit (QTgr) in the upstream portion of the map area (Plate IV) and 
consist of tens of meters of well-rounded, imbricated gravels of varying lithology that 
have been reworked from Cretaceous – Tertiary formations in the study area (Fig. 3.20).  
These gravel deposits are graded toward the modern river, suggesting that the upper 
Escalante River’s grade was likely at or below that of the modern river ~70 ka. 
Early Holocene deposits are notably absent in the study area.  The oldest age 
obtained is 4.61 +0.25- 0.13 cal ka BP (AA87502, 14C-C2, Table 3.3), which extends the fluvial 
history of this watershed past ~ 2 – 2.5 ka as reported by Webb (1985) and summarized 
by Webb and Hasbargen (1997).  The basal stratigraphic position of unit I at outcrops A 
and C (the top of unit I is only 2 – 3 m above the modern channel in both locations) 
suggests that the river had a lower grade ~4.5 ka.  Thus, it is possible that older deposits 
may be buried beneath the alluvium.  Alternatively, older deposits may once have 
existed but are no longer preserved in the system.  Finally, it is possible that early 
Holocene sediment was not deposited in the study reach at all. 
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3.7.1 Results 
3.7.1.1 Unit I.  The onset of deposition for this unit is not known, although 
deposition was ongoing by ~4.6 cal ka BP.  Unit I deposits were present at outcrops A 
and C in the study area (Figs. 3.10 and 3.12).  Deposits shown in Outcrop C (Fig. 3.12) 
provide the only age control for this oldest aggradation event.  The unit I deposits in this 
outcrop consist of at least 1.8 m of massive sandy soil, and a 14C sample from the top of 
the oldest unit returned an age of 4.61 +0.25- 0.13  cal ka BP.  Since the top of the unit I 
sediments were eroded in places, the termination of aggradation likely occurred later.  
Outcrop A (Fig. 3.10) shows that at least 3 m of probable unit I sediments aggraded prior 
to ~4 ka (these sediments were not dated and so they could represent an unrecognized, 
older aggradational package) based on an age of 3.97 +0.17- 0.18 cal ka BP (Beta 281705, 
14C-A3, Table 3.3) that was obtained from the base of the overlying unit II sediments.  
Field stratigraphic evidence suggests that the river may have been below the modern 
level at the onset of unit I deposition given that the base of unit I sediments are not 
visible at either location where they are present.  
Unit I sediments at both Outcrops A and C had significant indicators of soil 
development.  Outcrop A (Fig. 3.10) displayed significant mottling, calcite nodules and a 
slight darkening towards the top, indicating a weakly developed A horizon.  Unit I 
sediments at Outcrop C consisted of massive/blended sand with common burrowing.  
The heights of these weakly developed soils at only 2 – 3 m above the present arroyo 
bottom likely approximate the top of unit I sediments.   
3.7.1.2 Unit II.  The second oldest aggradational package is present at four of the 
outcrops in the study area.  Age control obtained indicates that aggradation of this 
package started ~ 4 ka and continued through at least ~2.6 ka.  Charcoal samples were 
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collected from the base of unit II sediments at Outcrops A and C.  At Outcrop A (Fig. 
3.10), a 14C sample was collected from channel proximal sand that grades laterally 
upstream to channel gravels scouring into unit I, indicating that these sediments date the 
approximate onset of unit II aggradation.  The age of 3.97 +0.17- 0.18 cal ka BP (Beta 281705, 
14C-A3, Table 3.3) is consistent with an age of 3.77 +0.12- 0.13 cal ka BP (AA87503, 14C-C1, 
Table 3.3) obtained from basal unit II sediments at Outcrop C (Fig. 3.12).   
Although the base of unit II sediments at Outcrop B was not observed, the 
sediments are consistent both in timing and in sedimentary context with those found at 
Outcrops A and C.  Unit II sediments at Outcrops A and C commonly contain cienega 
type deposits, and this was observed at Outcrop B as well (Fig. 3.11).  A 14C date 
obtained from near the base of this outcrop has an age of 4.01 +0.13- 0.11 cal ka BP (AA87512, 
14C-B3, Table 3.3) and a stratigraphically higher OSL sample has an age of 4.10 ± 0.32 
ka (USU-472, Table 3.4).  At least 2 m of sediments aggraded after deposition of USU-
472, indicating that deposition continued until a period of surface stability that produced 
a weak A horizon.   
A well-dated sequence at Outcrop A indicates that unit II aggradation was still 
ongoing at 2.85 ± 0.31 ka.  Two OSL samples and a 14C sample returned 
stratigraphically consistent ages suggesting continual aggradation from ~3.33 ± 0.35 ka 
(USU-755) through 2.85 ± 0.31 ka (USU-753).  A 14C sample from a cienega-type 
deposit between USU-755 and USU-753 returned a stratigraphically consistent age of 
3.07 +0.15- 0.13 cal ka BP (AA87514, 14C-A2, Table 3.3).  Although the top of this outcrop was 
not dated, generally tabular stratigraphy dominates (there are some minor erosional 
surfaces) and it appears that unit II sediments comprise an approximately 6 m package 
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at Outcrop A.  Consistent with Outcrop B, a possible weakly developed A horizon at the 
top of unit II indicates a period of surface stability after deposition of this package. 
The unit II aggradation event is much longer in duration than any of the others 
over the last 5 ka (~1.5 ka as compared to ~0.5 ka for units III – VI).  Although there 
were no obvious erosional unconformities to provide evidence of an entrenchment event 
during this period, there are two distinct age groupings if USU-755 is considered to be a 
maximum age (Fig. 3.21).  USU-755 is a finalized SA age; however, it has a fairly large 
error and evidence for incomplete bleaching.  It is possible that SG analysis would 
produce a younger final age.  Given the long duration of this aggradation episode, along 
with the possible gap around 3.5 ka, the unit is divided into unit IIa and IIb to indicate the 
possibility of another incision event. 
3.7.1.3 Unit III.  Unit III sediments are present at two outcrops in the study area, 
D and H (Figs. 3.13 and 3.17).  Age control suggests that aggradation occurred from 
~2.4 ka to at least 1.9 ka.  At both locations where they are exposed along the modern 
arroyo, Unit III sediments are located at the base of outcrops.  Sediments from this unit 
are generally uniform and consist mainly of C/CP sand with common soil development 
features.  At Outcrop D (Fig. 3.13), ages of 2.04 +0.13- 0.09 cal ka BP (AA87506, 14C-D3, 
Table 3.3), 1.95 +0.10- 0.15 cal ka BP (AA87508, 14C-D2, Table 3.3) and an OSL age of 2.06 ± 
0.44 ka (USU-607, Table 3.4) were obtained at the base of the outcrop.  The base of unit 
III is not visible, so it is not possible to say with certainty when aggradation commenced.  
However, soil development features at the top of this unit (massive sand with floating 
granules/pebbles, burrows, common fine CaCO3 stringers) indicate a period of stability 
soon after deposition of USU-607 around 2 ka.   
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Outcrop H (Fig. 3.17) also contains unit III sediments.  An OSL sample and 14C 
sample were taken side-by-side, and yield consistent ages of 2.44 ± 0.91 (USU-707, 
Table 3.4) and 2.26 +0.11- 0.14 cal ka BP, (AA87509, 14C-H3, Table 3.3), respectively.  As with 
the unit III sediments at Outcrop D, Outcrop H also shows evidence of soil development 
including massive/blended sand and common rooting in the upper 05. – 1.0 m.  
Additionally, although the upper 0.5 – 1.0 m is similar in size to the planar bedded sand 
exposed at the base of the outcrop, it is slightly lighter (2.5Y 6/3 as opposed to 2.5Y 5/3 
for the underlying sand), suggesting the sediments contain disseminated CaCO3. 
3.7.1.4 Unit IV.  There is evidence for the fourth aggradation event at four 
outcrops in the study area, Outcrops A, D, H, and I.  Age control indicates that 
aggradation of this package occurred ~1.5 ka and continued until ~1 ka.  At Outcrop A 
(Fig. 3.10), the onset of unit IV aggradation is inferred from a change in sedimentary 
characteristics.  A continuous aggradation packet of unit II sediments (consisting of 
alternating sand beds and cienega-type deposits) is capped by a weak A horizon, 
indicating the likely end of unit II deposition.  OSL and 14C ages obtained from the same 
sedimentary package in unit IV result in consistent ages of 1.23 ± 0.30 ka (USU-754, 
Table 3.4) and 1.20 +0.12- 0.08 cal ka BP  (AA87515, 14C-A1, Table 3.3).   
A 14C sample from an in-situ hearth at Outcrop D (Fig. 3.13) indicates that 
aggradation may have started slightly earlier in some portions of the fluvial system.  This 
sample, collected from the inferred base of unit IV sediments based on soil 
development, returned an age of 1.44 +0.13- 0.08 cal ka BP (AA87504, 14C-D1, Table 3.3).  
The δ 13C value for this sample (-14) is anomalous, however, and is therefore viewed 
with some caution.  Deposition of ~1 m occurred before another weakly developed soil 
formed, as indicated by massive/blended sand, common calcite stringers, and burrows.  
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An OSL sample from unit IV sediments above 14C-D1 has a preliminary age of 1.19 ± 
0.31 ka (USU-608, Table 3.4).   
At Outcrop H (Fig. 3.17), unit IV sediments are erosional into underlying unit III 
sediments.  A large suite of channel gravels fine upwards to planar bedded fine upper to 
coarse sand.  An OSL sample was taken from well-bedded sand capping the channel 
gravels and returned an age of 1.34 ± 0.21 ka (USU-606, Table 3.4).  The well-bedded 
sand is capped by ~2 m of mostly massive sand.  A 14C date obtained from these 
massive sand was radiocarbon dead and therefore interpreted to be coal.   
The oldest unit present at Outcrop I (Fig. 3.18) also consists of unit IV sediments.  
A 14C sample from this unit returned an age of 1.09 +0.14- 0.09 cal ka BP (AA87511, 14C-I2, 
Table 3.3).  At least 0.5 m of aggradation occurred after the charcoal lens this sample 
was collected from was deposited.   
Outcrop J was not studied in detail, but a basal OSL sample obtained from this 
outcrop has a preliminary age of 1.79 ± 0.39 ka (USU-602, Table 3.4).  While no obvious 
erosional unconformities were observed, it is not possible to determine whether Outcrop 
J consists entirely of unit IV sediments without more detailed examination of the outcrop. 
3.7.1.5 Unit V.  Unit V is prevalent in the study area, and is exposed at six 
outcrops (B, D, E – G, and I).  Unit V may also be present at Outcrop H (Fig. 3.17); 
however, the massive nature of a large portion of this outcrop precluded the ability to 
determine exact geomorphic relations.  These well-dated sediments suggest that 
aggradation commenced approximately ~1 ka and continued until ~0.5 ka.   
Outcrop B (Fig. 3.11) displays a large channel scour cutting about 4.7 m into 
older unit II deposits.  An OSL sample was collected from the base of this large channel 
scour at Outcrop B.  The OSL age is 1.02 ± 0.75 ka (USU-815, Table 3.4).  A 14C sample 
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collected from a charcoal-rich sand lens approximately 2 m above USU-815 returned an 
age of 0.68 +0.06- 0.07 cal ka BP, (Beta 261342, 14C-B2, Table 3.3).  An OSL sample collected 
from ripple-laminated sand ~1 m above this 14C sample has a preliminary age of 0.80 ± 
0.33 (USU-473, Table 3.4).  Approximately 1 m of aggradation occurred after deposition 
of USU-473, and a possible weak A horizon at the top unit V sediments (interpreted from 
a darkening of sediments in the uppermost ~0.3 m of this package) indicates a period of 
stability. 
The unit V sediments at Outcrop E (Fig. 3.14) consist of tabular ripple-laminated 
sand at the base of the outcrop, and an OSL sample returned a preliminary age of 0.61 
± 0.96 (USU-705, Table 3.4).   
Outcrop F also contains probable unit V sediments.  A SA OSL sample (USU-
701) collected from the base of the outcrop has an age of 0.97 ± 0.24 ka.  Although the 
age is considered finalized, the depositional age is likely slightly younger given the 
strong evidence of incomplete bleaching.   
One OSL sample was obtained from Outcrop G (Fig. 3.16) and has a preliminary 
depositional age of 0.80 ± 0.17 ka (USU-601, Table 3.4).  50 of 1900 grains have been 
accepted so far, so this sample could ultimately yield a younger final age.  However, this 
preliminary age seems appropriate given the sedimentary characteristics of this deposit, 
although a finalized age consistent with unit VI sediments would also be appropriate. 
Unit V sediments are erosional into underlying unit IV sediments at Outcrop I 
(Fig. 3.18).  An OSL sample obtained from a sand lens near the base of the channel 
gravels has a depositional age of 0.95 ± 0.43 ka (USU-603, Table 3.4).  Another OSL 
sample was collected ~1.5 m above USU-603 from trough cross-bedded to planar 
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bedded channel sand and returned an age of 0.53 ± 0.23 ka (USU-604, Table 3.4).  A 
14C sample collected from unit V sediments at this outcrop was also radiocarbon dead. 
3.7.1.6 Unit VI.  Unit VI sediments are exposed at four outcrops (B, E, H and I) in 
the study area and are generally composed of channel gravels or channel proximal 
sheetflood type deposits.  Age control obtained indicates that the aggradation event 
began ~0.5 ka and terminated with the onset of the historic period of arroyo incision 
which began in 1909 AD.  Sheetflood deposits of unit VI are well illustrated at Outcrops 
B and I and consist of ≥2 m of cm-dm scale bedded sand with thin silty interbeds.  Well-
preserved sedimentary structures indicate recent deposition and ages obtained from 
these outcrops support this interpretation.  One 14C sample was collected from the top of 
unit VI sediments at Outcrop B (Fig. 3.11) and returned an age of 0.21 +0.13- 0.15 cal ka BP 
(AA87513, 14C-B1, Table 3.3).  An OSL sample from the unit VI sediments at Outcrop I 
(Fig. 3.18) has a preliminary depositional age of 0.45 ± 0.32 ka (USU-756, Table 3.4).  
These tabular units extend for tens of meters and are prevalent in the study area.   
 Unit VI sediments at Outcrops E generally consist of channel gravels and sand 
with well-preserved sedimentary structures.  Two OSL samples and one 14C sample 
were collected from channel gravels and/or sand that are erosional into unit V sediments 
at Outcrop E (Fig. 3.14).  USU-706 and 14C-E1 were both collected ~2.5 m below the 
surface and returned stratigraphically inconsistent ages of 0.78 ± 0.61 ka (Table 3.4, 
preliminary age) and 0.22 +0.14- 0.16 cal ka BP (AA87507, Table 3.3), respectively.  USU-702 
was stratigraphically higher and is another stratigraphic reversal with a preliminary 
depositional age of 0.87 ± 0.57 (Table 3.4).   Both USU-702 and USU-706 are 
preliminary single-grain ages, and such young, incompletely bleached samples proved 
more difficult for obtaining ages (see Ch. 2 for more details).  Based on the 14C age and 
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the preliminary OSL age from USU-705 (which has more accepted grains at this point) in 
the same outcrop (Fig. 3.14, Table 3.4), these sediments were interpreted to be unit VI 
in age as opposed to unit V. 
At Outcrop F (Fig. 3.15), unit VI channel gravels scour ~1.5 m into the underlying 
unit V sediments.  An OSL sample was collected from planar bedded fine sand and has 
a preliminary OSL age of 0.84 ± 0.26 ka (USU-700, Table 3.4), which is more consistent 
in timing with unit V aggradation.  However, this sample is not stratigraphically consistent 
with sample 14C-F1 (0.47 +0.09- 0.10 cal ka BP).  This outcrop consisting of young (<1 ka) 
sediments was somewhat problematic for dating (see Ch. 2 for more details) and USU-
700 needs further analysis.  Given the young 14C age of 14C-F1 (which is likely providing 
a maximum age for this deposit), along with the clear scour into sediments that have a 
finalized OSL age indicative of unit V, these sediments were interpreted as unit VI. 
Outcrop H (Fig. 3.17) exhibits another channel scour into massive fine sand, and 
a pine cone obtained from the unit VI sediments returned an age of 0.17 +0.15- 0.11 cal ka BP, 
(Beta 281704, 14C-H1, Table 3.3).   
3.7.2 Discussion 
Geochronology results are discussed below in conjunction with sedimentary 
observations from each outcrop.  Based on the sedimentary and geochronologic 
evidence set forth above, it is interpreted that there have been at least six arroyo cycles 
since the middle Holocene, with entrenchment occurring at ~4.4 – 4.2 ka, ~2.6 – 2.4 ka, 
~1.8 – 1.5 ka, ~1.0 – 0.9 ka, ~0.5 - 0.4 ka, and during the historic period of arroyo 
entrenchment 0.1 ka (Figs. 3.21 and 3.22).  Periods of aggradation and incision were 
identified based on sedimentary characteristics, sample ages, geomorphic positions of 
the sediment within the system, and proxy indicators of geomorphic surface stability  
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(weakly developed soils).  Mann and Meltzer (2007) used soil development as proxy 
evidence for possible incision events, stating that floodplain soils are unlikely to develop 
in such dynamic fluvial systems unless the system has incised, leaving the surface well 
above the modern channel and free from overbank flows that would disrupt soil 
development.  Certainly, bioturbation can occur during a brief period of stability, so other 
indicators of soil development (such as calcite development or incorporation of organic 
matter to form weak A horizon) were considered stronger evidence of a prolonged period 
of surface stability and potential abandonment.  A schematic summary diagram of 
Holocene arroyo cycles for the upper Escalante is shown in Figure 3.22, although no 
one outcrop studied actually contained evidence for all six aggradational packages. 
It is possible that there have been more arroyo cycles, but older deposits are less 
likely to be preserved.  All outcrops examined in this study were middle Holocene or 
younger.  Alternatively, it is possible that fewer arroyo cycles have occurred.  For 
example, identified buttress unconformities may not represent system-wide 
entrenchment but instead lateral channel shift.  Preservation of true paleo-arroyo 
channels is rare, and other indicators of incision mentioned above were then used to 
infer arroyo cutting.  However, it is noted that other conditions such as a period of 
system stability with no net incision or aggradation could also result in soil development. 
The onset of the first identified aggradation event is not well constrained, and 
only one age was obtained for this unit at Outcrop C (Fig. 3.12), near the top of exposed 
unit 1 sediment.  However, the inferred first incision event is fairly well constrained.  At 
Outcrop C, unit II sediments are only slightly erosional into unit I, but there is a clear 
difference in sedimentary characteristics.  Unit I consists of a sandy soil, whereas unit II 
sediments at this outcrop indicate deposition in a marsh setting.  While the slight 
erosional contact between unit I and II sediments is not necessarily enough evidence to 
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infer an incision event, Outcrop A provides further evidence for the first incision event 
~4.2 – 4.4 ka (Fig. 3.10).  Although not dated, basal sediments associated at Outcrop A 
are likely middle Holocene in age and correlate with unit I deposits.  Several indicators of 
soil development are present, including redoximorphic concentrations, calcite nodules, 
and a slight darkening at the top of these sediments, indicating accumulation of soil 
organic matter.  The basal age of 3.97 +0.17- 0.18 cal ka BP (14C-A3) obtained from basal unit 
II channel proximal deposits associated with a channel scour indicate that the 
approximate onset of the second aggradational episode is being dated.  When used in 
conjunction with slightly older unit II deposits present at Outcrop B (Fig. 3.11), the 
probable incision event is placed at~4.4 – 4.2 ka. 
Outcrop A (Fig. 3.10) exhibits an approximately 6 m package of unit II sediment, 
and gravel lenses noted in sands throughout the section indicate that channel 
aggradation was occurring.  While the cessation of unit II deposition was not well dated 
and no buttress unconformities are present in the outcrops studied, there is an ~0.3 ka 
break in the geochronologic record after deposition of USU-753, the youngest unit II 
sample.  Where present, the topmost unit II sediments indicate a possible period of 
surface stability as evidenced by the presence of soil development features.  This 
indicates that the second incision event occurred at some point after 2.7 ka but before 
deposition of the oldest unit III sediments at ~2.3 ka.  At both outcrops where they occur, 
unit III sediments are located at the base of the arroyo wall whereas the top of unit II 
sediments are generally 4.5 – 8 m above the modern channel, further evidence that the 
system had incised. 
Unit III is present only at two outcrops, and ages obtained indicate deposition 
spanning at least 0.5 ka.  The third entrenchment event (~1.8 – 1.5 ka) is indicated by an 
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erosional unconformity at Outcrop H (Fig. 3.17) and by a potential gap in the chronology 
of ~0.3 ka (Fig. 3.21).  The central age for USU-602 is more in line with unit III deposits, 
but the characteristics of the sediment from which this sample was collected are more 
consistent with unit IV deposits.  This sample is somewhat problematic as it was the only 
sample collected from Outcrop J, which was not studied in great detail.  Although this SA 
OSL sample is finalized, it is possible that SG OSL analyses would yield a younger 
depositional age.  The sample is within error of units III and IV, but given the likelihood of 
age overestimates due to incomplete bleaching, along with sedimentary characteristics, 
this sample was interpreted to be younger unit IV.   Further evidence of an incision event 
prior to deposition of unit IV comes from soil development associated with the samples 
providing terminal ages for unit III deposition at Outcrops D and H (Figs. 3.13 and 3.17).  
Based on this record, unit III aggradation concluded ~1.8 ka.   
At Outcrop H, the dated unit IV deposits are dominated by channel gravels.  The 
base of these channel gravels extend below the modern channel, as do gravels 
associated with USU-602, which is interpreted to be from unit IV sediment.  The location 
of these gravels below the top of unit III further strengthen the argument that the system 
incised prior to unit IV deposition.  Unfortunately, since the extent of their depth below 
the modern channel is unknown, it is not possible to rule out lateral channel shift.   
Dated unit IV sediments indicate that deposition of this unit continued until at 
least 1.2 ka.  At Outcrop I, unit V channel deposits are erosional into possible unit IV 
sediment, indicating that the fourth incision event occurred some time after deposition of 
14C-I2, which has an age of 1.09 +0.14- 0.09 cal ka BP.  However, as discussed earlier, clear 
delineation of units at Outcrop I was difficult, and it is possible that 14C-I2 is reworked 
and is actually from unit V.  Another OSL sample obtained from the unit V sediments at 
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this outcrop has a depositional age of 0.95 ± 0.43 ka (USU-603).  This OSL sample age 
was determined using small aliquots and therefore may be slightly too old due to 
averaging effects that occur in incompletely bleached samples (see Ch. 2 for more 
details). 
The base of unit V sediments was dated at Outcrop B (Fig. 3.11) as well, and this 
age indicates that the onset of unit V may have started as early as ~1 ka, consistent with 
the ages obtained at Outcrop I.  At Outcrop B, a large buttress unconformity exists and 
unit V scours into the adjacent unit II sediments.  Excavating the base of this exposure 
revealed the unconformity between the unit II and unit V packages.  The OSL sample 
(USU-815) was taken from cross-bedded channel sand; surrounding sandy sediments 
contained rip-up clasts and an angular block of paleobank material that was derived from 
the underlying unit II sediment and subadjacent paleoarroyo walls of older unit II 
deposits.  Such sedimentary evidence indicates that the approximate onset of the unit V 
aggradational package is being dated, and the preliminary OSL age is 1.02 ± 0.75 ka.  
After deposition of these flood deposits, approximately 3 more meters of less rapid 
deposition occurred as indicated by multiple tabular sand packets capped by silt partings 
as well as finer grained marsh deposits. A possible weakly developed soil at ~4.6 m 
indicates surface stability after deposition concluded.   
A buttress unconformity at Outcrop E (Fig. 3.14) consists of a small channel 
scour truncating tabular unit V sediments and inferred to record the fifth incision event in 
the upper Escalante and the most recent prior to the historical period of arroyo incision.  
The preliminary OSL age obtained from USU-705 in the older unit (unit V) is 0.61 ± 0.96 
ka, which is stratigraphically consistent with the overlying 14C age obtained from 14C-E1 
(0.22 +0.14- 0.16 cal ka BP).  Since 14C-E1 was obtained from near the base of unit VI, the two 
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OSL ages from unit VI should be similar in age or younger.  Although these two 
preliminary OSL ages from unit VI (USU-702 (0.87 ± 0.57 ka) and USU-706 (0.78 ± 0.61 
ka)) are within error of one another, the preliminary age estimates suggest a 
stratigraphic reversal.  However, both USU-706 and USU-702 have a low number of 
grains accepted (16 and 45, respectively).  More work is necessary on this young 
sample before a depositional age can be interpreted.  However, the other ages at this 
outcrop indicate that the fifth incision event occurred ~0.5 – 0.4 ka.  Outcrop F also 
indicates a maximum age of unit VI at 0.47 +0.09- 0.10 cal ka BP (14C-F1).   
Although sediment packages from units I – III certainly contain some channel 
gravels, large channel gravels become much more common in unit IV - VI sediments, 
indicating a possible change in hydrologic regime ~1.5 ka.  Larger clast sizes point to 
increased sediment transport capacity and are similar in size to modern channel gravels.  
However, younger deposits are generally found in the downstream reach of the study 
area, so this difference in grain size may be related to location within the watershed.   
The increased regularity of arroyo cycles around 1.5 ka fits reasonably with the 
timing of incision that was summarized by Webb and Hasbargen (1997).  They found 
evidence for five likely incision events at approximately 2000 14C yr B.P., 1500 14C yr 
B.P., 1000 14C yr B.P., 500 14C yr B.P., and during the historic period of arroyo incision.  
This study found evidence for four incision events over the past 2 ka instead of the five 
reported by Webb and Hasbargen, with arroyo cycles occurring more frequently around 
1.5 ka (Fig 3.23).  Prior to 1.5 ka, arroyo cycles were apparently longer in duration but 
started to occur with more regularity at 1.5 ka, taking approximately 0.4 – 0.5 ka to 
complete one full cycle of aggradation and degradation.  Earlier, some evidence (mainly 
a gap in the chronology of unit II deposition ~3.5 ka) was discussed.  If there was in fact  
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an additional entrenchment event at this point, then all cycles would be closer to ~0.5 ka 
in duration. 
3.8. Regional correlations and paleoclimate implications 
One of the major lines of evidence that climate plays a role in arroyo cyclicity is 
the synchronocity of incision events observed among drainages in the southwestern 
United States during the historic period of incision.  Workers have long puzzled over 
interpreting which climate conditions are most conducive to arroyo incision events.  
Broadly, many workers agree that incision occurs during periods characterized by 
frequent, high-magnitude discharge events as observed during the most recent arroyo 
entrenchment that took place along the upper Escalante and other regional drainages 
(Webb, 1985; Webb et al., 1991).  Aggradation is thought to occur during periods with a 
low frequency of floods (and/or a lack of high-flow events) (Hereford, 2002).  However, 
more specific conditions have been debated, and answering this question has been 
difficult given the resolution of both fluvial chronologies and paleoclimate records for a 
specific region.   
3.8.1 Timing of arroyo cycles in regional drainages 
Hereford (2002) reconstructed arroyo cycles in the Paria River basin of the 
central Colorado Plateau, and also compiled data from several other drainages in the 
region (Fig. 3.5).  In addition to the well-documented period of historic arroyo incision in 
the late 1800s to early 1900s, Hereford (2002) identified a pre-historic incision event that 
occurred around 600 – 800 years ago in seven of the drainages he examined in 
southern Utah, northern Arizona, and northern New Mexico.  Hereford’s prolific work on 
the subject of arroyos (e.g. Hereford et al., 1996; Hereford 2002), however, is very much 
focused on the past 1 ka.  Recently, with the advent of newer dating techniques, other 
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workers have been providing data regarding earlier arroyo cycles in some of the basins 
on the central Colorado Plateau (Figs. 3.24 and 3.25).  Review here is focused in 
southern Utah.  
As shown in Fig. 3.25, the incision event ~600 – 800 years ago as reported by 
Hereford (2002) is roughly preserved in the updated chronologies for the upper 
Escalante (this study), Kitchen Corral Wash, UT (a tributary of the Paria River) (Harvey 
et al., 2010 and 2011, in press), and Kanab Creek, UT (Summa, 2009).  It is of interest 
to note that incision events along the upper Escalante River and in Kitchen Corral Wash 
may have started slightly earlier, around 0.9 – 1.0 ka.  Further, there is evidence for an 
entrenchment event around 0.4 – 0.5 ka that was not identified in Hereford’s (2002) 
chronology of regional drainages (Fig. 3.5) or Kanab Creek, UT (Fig. 3.25).  Although 
this incision event is not particularly well constrained, it is an important finding because it 
suggests that aggradation may not have been continuous throughout the Little Ice Age 
climate period as suggested by Hereford (2002). 
  Prior to 1 ka, correlations become more difficult.  The first incision event in the 
KCW record (Harvey et al., 2010, in press), although not well-constrained,  
does broadly coincide with the upper Escalante’s second incision event around 1.8 – 1.5 
ka (Fig. 3.25).   
In Kanab Creek (Summa, 2009), there is clear evidence for a major incision 
event occurring 3.5 – 3.0 ka.  Although there is not clear evidence for an entrenchment 
event on the upper Escalante River at this time, the timing of this event does match up 
with a possible event (between deposition of IIa and IIb) around the same time period 
(Fig. 3.21).  However, it is important to note that outcrops displaying cut-and-fill 
relationships were not as prevalent in the Kanab Creek arroyo as in the upper Escalante, 
and incision events were generally inferred from depositional breaks as identified in the  
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geochronologic record (the incision event at ~3.0 – 3.5 was an exception).  There are 
fewer ages from the latest Holocene, and this lack of resolution toward the younger end 
may have concealed some incision events.  The majority of deposits dated in this study 
fall between ~6 – 4 ka, and there is a conspicuous lack of dates from ~2 – 1 ka.  It is 
unlikely that there was a lack of deposition for such a long period; rather this gap is likely 
due to lack of sampling opportunities for deposits of this age range.   
The Kanab Creek drainage records the earliest onset of aggradation in the three 
adjacent southern Utah watersheds, although arroyo cycles in both Kanab and the upper 
Escalante become important by the middle Holocene.  The oldest age obtained in the 
upper Escalante is 4.61 +0.25- 0.13 cal ka BP.  This age came from the top of unit I, and the 
lower portion of this deposit was buried by modern alluvium, so it is possible that 
aggradation started well before this time and is more on par with the onset of 
aggradation as recognized by Summa (2009).  A thick packet (~3 m) of undated 
sediment underlying unit II at Outcrop A further supports this argument. 
Of course, it is important to keep in mind that older deposits have less 
preservation potential, and the reduced correlation for incision events before 1 ka may 
be due in part to this.  Also, when working in arroyo systems, there is no guarantee that 
the accessible exposures will show definitive evidence of an incision event; in fact, this is 
the exception to the rule.  Even when a clear cut-fill relationship is displayed in outcrop, 
bracketing the actual date of incision has proved to be problematic.  Since alluvial 
deposits are generally recording episodes of aggradation, any hiatus in deposition 
(either prior to the incision event or after it has occurred) could cause further uncertainty 
(in addition to the errors inherent in the dating method being used) in determining the 
timing of entrenchment.  Therefore, while correlation (or lack of it) with regard to incision 
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will be addressed in the discussion below, it may be just as instructive to examine and 
compare aggradational records.  Because the established geochronology is recording 
the timing of deposition in the fluvial systems, periods of aggradation can be examined 
along with other paleoclimate records from the region to see if a specific set of climatic 
conditions seems to favor periods of aggradation. 
Although correlations among the three southern Utah drainages are not perfect, 
there is certainly a degree of synchronicity (both in timing of incision and timing of 
aggradation) which indicates an external mechanism may be driving arroyo cycles. 
However, the onset of incision may be influenced by timing of individual storm events as 
well as internal geomorphic factors (such as sediment contribution from hillslopes and 
tributaries).   
Large flow events, while essential for supplying the stream power necessary to 
cause incision, will not cause incision unless a system has reached a point of instability 
with regard to slope (Fig. 3.26).  As aggradation continues and convexities along the 
channel profile increase, large-magnitude flood events may occur with little change to 
the overall system.  However, once convexity reaches a critical threshold point, a similar 
large-magnitude event can cause major system perturbation.  The position of these 
oversteepened reaches in the watershed may play an important role.  For example,  
Schumm and Hadley (1957) examined the slopes of alluvial fills in small drainages with 
discontinuous gullies.  The presence of discontinuous gullies made it possible for the 
authors to hypothesize regarding where arroyo incision was initiated, and they found that 
entrenchment usually began where the fill had greater concavity and a marked change 
in slope (from gentler to steeper) due to local oversteepening.  Such oversteepening 
could be caused by a number of factors, including sedimentation from tributaries or 
sedimentation pulses from upstream incision events.  Moreover, entrenchment occurred  
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on lower slopes at points further from the headwaters.  Schumm and Hadley (1957) 
largely attribute this to increased flow (and thus stream power) in the downstream 
direction.   
Further, precipitation regimes also play a role in the timing of large magnitude 
flow events.  Although the Kanab River, Paria River, and upper Escalante are adjacent 
(Fig. 3.24), there are slight differences in modern precipitation regimes.  For example, all 
three watersheds exhibit a bimodal pattern of precipitation (winter and summer 
monsoonal); however, Kanab has a stronger winter signal and may be more affected by 
spring floods amplified by ENSO winter precipitation whereas the upper Escalante 
experiences almost all peak flows during the late summer and early fall due to high-
intensity monsoonal convective storms.  While this plays a role now, such differences 
were probably also highlighted during the middle Holocene when both the summer 
monsoon and ENSO events became more dominant players due to changing 
atmospheric circulation patterns after deglaciation (Rodbell et al., 1999; Waters and 
Haynes, 2001).  
Given the feedbacks and complexities discussed above, it is apparent that 
differences between adjacent drainages could lead to an offset in the timing of incision 
events.  Moreover, it is plausible that different drainages take longer to reach threshold 
levels (i.e., tipping points) depending on internal geomorphic factors. 
3.8.2 Comparison of regional drainage chronologies to paleoclimate records 
In addition to problems associated with obtaining accurate fluvial histories, it is 
generally difficult to reconstruct the paleoclimate of a specific region.  Many of the 
important variables (such as antecedent moisture conditions) needed to determine the 
paleohydrologic response of rivers are difficult to capture in geologic and biologic 
146 
 
records (Vivoni et al., 2009).  Further, although there are many useful paleoclimate 
proxies, finding the right ones for a specific regional determination can be challenging. 
In order to obtain representative paleoclimate data for south-central Utah, effort 
was focused on obtaining records from the central and southern portion of the Colorado 
Plateau.  Variation in the records is expected given the influence of topography on 
climatic regime.  While most records discussed below are from the central and southern 
Colorado Plateau, a few more general studies regarding oceanic-atmospheric circulation 
patterns are discussed as well since they have well-documented effects on specific 
regions of the United States. 
The early Holocene in the southwestern US is generally regarded as being the 
coolest portion of the Holocene.  The latest Pleistocene was characterized by much 
higher effective moisture due to lower temperatures as determined by paleobotanical 
data (Thompson et al., 1993).  The early Holocene was also characterized by higher 
effective moisture compared to modern climate regimes, although vegetation 
communities were moving to higher elevations in response to general warming.   
This general pattern is recognized in regional records as well.  Jiménez-Moreno 
et al. (2008) examined sediment cores from Stewart Bog, an alpine bog in the Sangre de 
Cristo Mountains of northern New Mexico.  Radiocarbon dates and pollen analyses from 
this study also indicate that the coolest conditions existed at the end of the last ice age, 
and there was a general warming trend until the middle Holocene.  Some workers have 
suggested that this period may have been warmer than present but that precipitation 
was greater.  Reheis et al. (2005) examined periods of soil development versus periods 
of dune reactivation to examine climate trends in Canyonlands National Park.  The 
authors found that the early Holocene (12 – 8.5 ka) was characterized by generally 
warm and wet conditions.   
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 Several lines of evidence indicate that the middle Holocene was warm and dry.  
For example, Reheis et al. (2005) found that dunes were reactivated in Canyonlands 
from ~8.5 – 6 ka.  A similar pattern for the middle Holocene was found at Coral Pink 
Sand Dunes State Park near Kanab, UT, although the timing of dune activation was 
slightly later, around 4 ka (Ford et al., 2010).  Jiminez-Moreno et al. (2008) also found 
that the warmest conditions existed around 5.6 ka, consistent with other records in 
northern Arizona.  Weng and Jackson (1999) identified evidence for lake lowstands ~6.5 
- ~4 ka on the Kaibab Plateau of northern Arizona during the middle Holocene, indicating 
the lowest effective moisture of the Holocene; lake levels on the Aquarius Plateau to the 
north of the upper Escalante were found to be lowest at ~5 – 3.5 ka (Shafer, 1989) (Fig. 
3.27).   
Menking and Anderson (2003) examine the role of El Niño and La Niña events 
on Holocene climate.  The geochronology of deflation of playa sediments in the Estancia 
Basin in central New Mexico indicates (like many other records) a period of severe 
drought during the middle Holocene (from ~7 – 5 14C yrs BP).  Isotopic analyses indicate 
that winter precipitation is important for recharge in the Estancia Basin; thus the middle 
Holocene drought is likely due to a deficit of winter precipitation in the area due to 
enhanced La Niña conditions.  This interpretation is strengthened by other global 
records that indicate a weakening of El Niño events in the middle Holocene (Menking 
and Anderson, 2003).  A new study by Conroy et al. (2009) examined a new 1200-year 
record of eastern equatorial sea-surface temperatures (SST) and found that the most  
intense, long-duration droughts occurred during periods when eastern equatorial SSTs 
were coolest (La Niña conditions). 
Reheis et al. (2005) indicate that the period from 5 – 2 ka was relatively wet in 
the location of Canyonlands National Park, but that climate was becoming variable as  
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illustrated by episodic fluvial and eolian deposition.  This timing of increasing climate 
variability is correlative with the onset of modern ENSO cyclicity as identified by Rodbell 
et al. (1999).  During the early to middle Holocene, ENSO events occurred with lower 
frequency and increased to modern frequencies around 4.5 – 5 ka.   
Higher resolution paleoclimate records exist for the late Holocene, and point to a 
time of continued climate variability.  Knox (2000) indicates that rivers can respond 
dramatically to minor overall changes in climate, and this may account for the increase in 
arroyo cyclicity observed in the late Holocene.  Flows for the Colorado River basin were 
reconstructed using tree-ring chronologies extending back ~1.2 ka (Meko et al., 2007).  
Although flow reconstructions are for the mainstem Colorado River, tree-ring 
chronologies from contributing areas on the Colorado Plateau were used to develop the 
reconstruction and likely reflect overall regional climatic conditions.  These reconstructed 
flows show generally below average flows from 1.2 – 0.8 ka, with an extreme drought 
around 0.85 ka (1100s AD) (Fig. 3.28).  Around 0.8 ka, there was a transition 
immediately following this extreme drought to wetter than normal conditions.  Another 
period of generally below average flows occurred from 0.6 – 0.4 ka, culminating in 
another extreme drought at ~0.45 – 0.40 ka.  As with the earlier drought, this period was 
followed by a period of high flows (Meko et al., 2007).  Another major drought occurred 
in the late 1800s followed by higher than normal flows in the early 1900s (Fig. 3.28).  It is 
important to note that such flow reconstructions are based on tree-ring chronologies that 
are reflective of winter precipitation conditions and not late summer monsoonal 
precipitation. 
This record corroborates an earlier study by D’Arrigo and Jacoby (1991).  They 
examined conifer species that reflect winter precipitation amounts in northern New 
Mexico and ranked extreme high and low precipitation periods over the last 1 ka.  The  
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most extreme 10-year droughts and wet periods are closely correlated with those 
recognized by Meko et al. (2007) (Fig. 3.28). 
Hereford’s (2002) research on the Paria River watershed indicated that the most 
recent period of Holocene alluviation (which took place from approximately 1400 – 1880 
A.D. during the Little Ice Age) occurred during a time period when there were fewer 
large-magnitude flooding events, allowing sediment deposition and aggradation in 
basins.  Most workers have recognized that the climate was generally cooler than 
present during the LIA in the southwestern United States (Petersen, 1994; Hereford, 
2002; Meko et al., 2007) although there is some disagreement over precipitation 
amounts during that time period.  Wilkins et al. (2005) indicate that this same time period 
was characterized by higher effective moisture due to the establishment of ponderosa 
pines and other stabilizing vegetation in what is now Coral Pink Sand Dunes State Park 
in Kane County, southern Utah.  This establishment of dune vegetation coincided with 
the end of a period of dune mobility (suggesting drier conditions) around 0.5 ka (Wilkins 
et al., 2005).  In addition to the establishment of stabilizing vegetation, the nature of 
sediments overlying the dated eolian sand indicates a transition to overall wetter 
conditions at this time (Ford et al., 2010). 
Arroyo entrenchment was initiated in the upper Escalante following a large flood 
on August 31-September 1, 1909 (Webb, 1985; Webb and Baker, 1987).  The period 
from 1909 to 1932 was characterized by several documented large and damaging 
floods, which occurred in 1910, 1911, 1914, 1916, 1921, 1927, 1931, and 1932 (Webb 
and Baker, 1987).  All of the documented high flow events occurred in the late summer 
and early fall, coincident with the timing of monsoonal rains.  This series of high-
magnitude events caused further headward migration and coalescence to form the 
continuous arroyo observable today.  According to Webb’s (1985) aerial photograph 
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analysis, the arroyo geometry/size changed very little after 1940 (coincident with the end 
of large magnitude flow events), although riparian vegetation became established in the 
channel bottom, along with some aggradation to form low inset deposits above the 
modern channel (Webb and Baker, 1987).  Also, according to Arnold Alvey, a life- 
resident of Escalante, UT, the river channel, which once basically filled the arroyo 
bottom, has narrowed since the 1940s (personal communication, 2010).   
This observed pattern correlates well with the overall 20th century precipitation 
regime for the Colorado Plateau as identified by Hereford et al. (2002).  The periods of 
1905-1941 and 1978-1998 were identified as having higher average annual precipitation 
than the middle 20th century (1942 – 1977).  Perhaps more importantly, Hereford and 
Webb (1992) found that warm-season rainfall totals in southern Utah were statistically 
lower during the middle 20th century. 
Regardless, the first identified aggradation event in the upper Escalante is 
coincident in timing with the prolonged period of increased aridity in the middle Holocene 
that is recognized in a number of paleoclimate records (Fig. 3.27).  Although it is 
possible that there are older sediments buried beneath the modern alluvium, it is of 
interest that none of the regional drainages examined in this section provide evidence of 
early Holocene sediment.  Many of the climate records for the region indicate that the 
early Holocene had higher effective precipitation than the middle – late Holocene; 
perhaps such higher effective precipitation (and associated vegetation) kept colluvium 
on hillslopes until the drying period in the middle Holocene.  The shift to much more arid 
conditions may have decreased hillslope vegetation substantially, allowing a major 
sediment source that was effectively “trapped” on hillsides to enter the fluvial system.  
Bull (1991) discusses such a mechanism and indicates that various feedbacks (mainly 
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due to increased channel roughness) could cause a long period of aggradation even if 
hillslope vegetation reduction led to flashier discharge.   
The arroyo incision event which occurred in the upper Escalante ~4.2 – 4.4 ka, is 
correlative with the conclusion of the extremely dry periods noted by Jiménez-Moreno et 
al. (2008), and during the earliest recorded Holocene period of dune reactivation as 
found by Wilkins et al. (2005) and Ford et al. (2010).  The extended period of warm and 
dry climate in the region could have caused oversteepening due to increased sediment 
supply as discussed above.  Particularly in arroyo systems which are generally 
characterized by sandy sediments that have fairly high permeability, flow attenuation can 
occur rapidly, causing deposition and changing the stream profile to one characterized 
by greater convexity.  As climate shifted to a more variable climate regime with more 
frequent high-magnitude precipitation events, the system may have been primed for 
incision.  Paleoflood studies indicate that the period from ~3600 – 5000 14C yr BP was 
characterized by frequent high-flow events in Arizona and southern Utah (Ely, 1997).   
Arroyo cycles begin to appear with greater regularity over the past 1.5 ka, and 
more highly resolved local records for this time period allow for hypotheses regarding 
causal mechanisms to be put forth (Fig. 3.28).  All three arroyo entrenchment events in 
the last 1 ka on the upper Escalante are roughly associated with transitions from severe 
decadal-scale drought conditions to wetter than average conditions as identified by 
Meko et al. (2007) (Fig. 3.28).  However, not all such transitions are associated with 
arroyo cutting, particularly a transition occurring ~0.7 ka.  This makes sense, however, 
because an entrenchment event had occurred ~0.15 – 0.2 ka prior to this.  This prior 
incision event likely increased the concavity of the stream profile by removing sediment 
from oversteepened reaches and causing an overall decrease in gradient.  This supports 
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previous notions that aggradation generally is a longer process than incision and that 
~0.5 ka may be needed for a system to re-aggrade to threshold levels (Bull, 1997).   
Further, all three periods of arroyo incision in the last 1 ka generally coincide with 
paleoflood clusters downstream of the study area.  Webb et al. (1988) found that over 
the last 2100 years, large flood events have occurred in clusters (1100 – 900 14C yr B.P., 
600 – 400 14C yr B.P., and historically), and these paleoflood clusters match up with 
identified incision events in the upper Escalante River drainage (Fig. 3.28).   
Recent work in the Paria River basin by Harvey et al. (2010) suggests that the 
assumptions used to calculate paleoflood discharges in bedrock canyon reaches 
downstream of alluvial reaches may not always be valid.  Arroyo incision upstream can 
send pulses of sediment to downstream bedrock reaches that are temporarily stored, 
changing stage-discharge relationships.  The assumption of unchanging stage-discharge 
relationships is an essential assumption for calculating paleoflows.  If this assumption is 
incorrect, and upstream incision changes this relation, then large paleoflood clusters 
may actually not represent a series of anomalously large floods but rather this temporary 
increase in sediment flux.  Regardless, Harvey et al. (2010) found that in Kitchen Corral 
Wash (a tributary of the Paria River), flood deposits are correlated to the most recent 
upstream incision event (the historic period of arroyo entrenchment).  Therefore, while 
paleoflood discharge calculations may not always be accurate, these deposits might be 
used as an indicator of upstream channel change (particularly arroyo incision events).  
The upper Escalante River record supports this finding. 
3.9. Conclusions 
One of the main objectives of this study was to establish a robust Holocene 
chronostratigraphy for the upper Escalante River watershed in south-central Utah.  While 
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this drainage has been studied previously (Webb, 1985; Webb and Hasbargen, 1997), 
improved dating techniques (SA OSL, SG OSL, and AMS 14C) allowed an opportunity to 
re-examine the watershed.  Thirty-nine OSL and 14C samples were collected at key 
outcrops recording cut-and-fill relationships and/or aggradational packages.  The 
Holocene fluvial chronology was extended to the middle Holocene.  Ages obtained 
indicate that arroyo cut and fill cycles became an important agent of landscape evolution 
following ~4.5 ka.  Since that time, at least six cycles have occurred, with evidence for 
six distinct aggradational packages and incision occurring at ~4.2 – 4.4 ka, ~2.4 – 2.6 
ka, ~1.5 – 1.8 ka, 0.9 - 1.0 ka, ~0.5 ka, and during the historic period of arroyo 
entrenchment 0.1 ka.    
The updated and extended fluvial chronology for the upper Escalante River was 
compared with other recently extended fluvial chronologies in the proximal drainages of 
Kanab Creek and Kitchen Corral Wash (a tributary of the Paria River).  Both this study 
and the Kanab Creek study indicate that arroyo cycles became important agents of 
landscape evolution during the middle Holocene; however, the chronologies for these 
two watersheds are somewhat dissimilar, with the Escalante showing evidence for a 
higher frequency of arroyo cyclicity.  On the other hand, incision and aggradation events 
between the upper Escalante and Kitchen Corral Wash are fairly well correlated over the 
last 2 ka.   
A climate shift in the middle Holocene to drier and warmer conditions appears to 
be a necessary condition for supplying sediment needed to drive arroyo cycles.  Higher 
resolution records over the past 1 ka allow for possible geomorphic response models to 
be put forth.  Time periods that correspond to possible system-wide entrenchment may 
be associated with minor climate transitions from multi-decadal droughts to multi-
decadal wet periods.  However, all periods indicating such a transition do not result in 
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arroyo cutting.  This is likely due to internal thresholds within each individual watershed.  
Sufficient time periods are needed for sediment (supplied from tributaries and hillslopes) 
to accumulate enough to cause convexities in the longitudinal profile of the river.  Then, 
if a large-magnitude flow event occurs, the system is able to evacuate stored sediment 
that caused oversteepening, thus lowering the gradient and starting the cycle again.   
Aggradation occurs in pulses throughout the system, and is controlled by driving 
versus resisting forces.  Based on the record, it appears that aggradation is indeed the 
dominant mode of these systems and that aggradation can occur under a variety of 
climate scenarios due to the high sediment supply in these semi-arid catchments that 
are dominated by easily erodible sedimentary rocks.  
Examination of a longer record of arroyo cycles in proximal drainages may 
indicate that the nearly synchronous behavior of incision observed during the late 1800s 
to early 1900s and reported by Hereford (2002) ~0.6 – 0.8 ka may not be representative 
of arroyo cycles over longer time scales.  While climate changes appear to be important 
driving forces that can cause a system to cross thresholds from aggradational to 
degradational mode (and vice versa), geomorphic thresholds and internal adjustments 
should also be considered. 
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CHAPTER 4 
 
MAPPING OF THE UPPER ESCALANTE RIVER CORRIDOR 
 
4.1 Introduction 
Surficial mapping of the upper Escalante River corridor at a 1:24,000 scale was 
performed during 2009 – 2010 (Plates I – IV).  The major emphasis of the mapping 
project was on alluvial deposits; therefore, the selected map area, which encompassed 
an area of 146 km2, followed the alluvial corridor.  Because of the irregular shape of the 
map area, the final map covers parts of four USGS 7.5” quadrangles – Upper Valley 
Creek, Canaan Creek, Wide Hollow Reservoir, and Escalante.   
Mapping was accomplished in the field with the aid of topographic maps and 
aerial photographs.  Identified map units were digitized using ArcGIS, and are presented 
in Appendix C as four plates (one for each quadrangle covered).  Digitized polygons are 
overlain on USGS topographic maps.  In addition to map unit descriptions, maps include 
the locations of all outcrops where OSL and radiocarbon samples were collected as well 
as the results of this geochronology.  Mapping was made possible by EDMAP grant 
award number G09AC00141. 
4.2 Map Unit Descriptions 
Quaternary 
Alluvial deposits 
Qal – Modern alluvium 
Deposits of the active channel and frequently inundated active floodplain 
deposits generally ≤1 m from the active channel.  Consists of silt, fine – coarse sand, 
pebbles, cobbles, armored mudballs and locally sourced boulders.  Vegetation is 
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generally sparse to non-existent in current channels; established vegetation generally 
consists of grasses, rabbitbrush, and small sagebrush that are commonly partially buried 
during seasonal high flows.  Channel is rarely seen on bedrock, indicating that Qal 
deposits are underlain by older Holocene valley-fill alluvial deposits of unknown 
thickness. 
Qal1 – Historic alluvium (post-1910 A.D.) 
Undifferentiated primarily aggradational alluvial deposits generally located 1 – 5 
m above the modern channel.  Composition ranges from stratified silt – sand – cobbles; 
some surfaces are primarily finer-grained bar deposits whereas other surfaces consist 
mostly of pebbles and cobbles that were likely deposited during rare high flow events.  
Vegetation communities range from tamarisk – Russian olive on lower surfaces that are 
commonly inundated to flood-intolerant pinyon-juniper communities on higher surfaces. 
Qat1 – Quaternary alluvial terrace 1 (middle to late Holocene) 
Fill terrace surface representing pre-1909 channel and floodplain; approximately 
5 – 15 m above the modern channel.  Sediments underlying this map unit were 
deposited ~5 – 0.1 ka during distinct aggradational events.  Alluvial deposits consist of: 
tabular clayey – silty laminated deposits that often display mottling; common tabular fine 
– medium gray to tan planar-bedded to ripple-laminated sand; lenticular matrix to clast-
supported imbricated gravels and coarse sands; and massive poorly sorted gray to tan 
sand.  Minor poorly sorted mass movement deposits with locally derived angular clasts 
are also present.  Thicknesses of individual sediment packages range from mm – m 
scale and weak buried soils are present.  Composition of pebbles – cobbles is highly 
variable and consists of well-rounded volcanic, quartzite, sandstone and limestone clasts 
that are likely reworked from QTgr deposits (described below). 
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The terrace tread consists of sagebrush, four-wing saltbush and pinyon-juniper 
vegetation communities. 
Qat2 – Quaternary alluvial terrace 2 
Remnant stream pebbles – cobbles and sands generally 15 – 20 m above the 
modern channel.  The age of this deposit is unknown and may be correlative with Qat3 
described below. 
Qat3 – Quaternary alluvial terrace 3  
Remnant stream gravels on bedrock strath ~15 to 37 m above the modern 
channel, consisting of well-rounded pebbles, cobbles and minor boulders with sand 
lenses.  Clast compositions include volcanics, quartzite, limestone and sandstone.  
Pedogenic carbonate coats are common on gravel bottoms. Thickness 1 – 25 m.  The 
age of this deposit is unknown. 
Mixed deposits 
Qac – Quaternary mixed alluvium/colluvium 
Tributary deposits generally consisting of stratified silts and sands (tributaries in 
the western portion of the study area also contain common pebbles/cobbles depending 
on location in the study area and sourcing from QTgr deposits).  Smaller tributaries are 
ephemeral and the narrower alluvial deposits also contain hillslope supplied sediment 
from steeper surrounding bedrock or QTgr slopes. 
Qafc – Quaternary alluvial/colluvial fans 
Moderately to poorly sorted sediments deposited at the mouths of small, steep 
ephemeral streams.  These surfaces have a higher slope than associated Qac deposits 
and subdued fan-shaped morphology; toes of fans have often been truncated by the 
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trunk stream (Upper Valley Creek) or its larger tributaries.  These deposits also contain 
hillslope-derived colluvium. 
Qae – Quaternary mixed alluvial/eolian deposits 
Locally derived eolian and alluvial reworked sand deposits mantling bedrock or 
alluvial deposits.  Variable thickness. 
Qcae – Quaternary mixed alluvial/eolian deposits 
Locally derived colluvial, eolian and reworked alluvial deposits mantling bedrock 
or alluvial deposits.  Variable thickness. 
Mass movement deposits 
Qc – Quaternary colluvial deposits 
Consists of at least 1 m thickness of large angular blocks of locally derived 
Cretaceous sandstone bedrock (primarily Straight Cliffs Formation) that mantle 
underlying slope-forming units or accumulate at the base of cliffs.  Deposition is 
generally by rockfall and subsequent slopewash. 
Other 
Qf - Anthropogenic fill 
Human engineered structures, including road fill and earthen dams.  Consists of 
poorly sorted, non-stratified deposits. 
Quaternary/Tertiary 
Note: The deposit described below may not be Tertiary, but only one age was 
obtained for this deposit. 
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QTgr – Quaternary/Tertiary gravels 
Dissected pediment (?) alluvial gravels mantling bedrock surfaces; potentially 
reworked from the Tertiary – Cretaceous Grand Castle and Canaan Peak Formations 
(conglomerates).  Imbricated matrix – clast supported pebbles to cobbles with mostly 
massive sand lenses present (some display faint bedding).  Dominant clast types include 
volcanics, quartzite, and limestone.  Unit surfaces display extensive soil development.  
Disseminated calcite and calcite stringers are common in sand lenses; calcite coatings 
on clast bottoms noted throughout.  30 - 300 m above the modern channel.  Thicknesses 
range from <1 to at 8 m (possibly thicker). 
An OSL sample collected at Outcrop Z (USU-698) has an age of 70.2 ± 5.5 ka. 
Cenozoic/Mesozoic 
Br - Undifferentiated bedrock 
Composed primarily of Mesozoic (Jurassic – Cretaceous) formations, with minor 
Tertiary formations in the headwaters.  Cretaceous formations (primarily the Straight 
Cliffs Formation) dominate the western portion of the map area and Jurassic formations 
(primarily the Morrison Formation) comprise the eastern portion of the map area near the 
town of Escalante, UT.  For more detail regarding the bedrock units, refer to Doelling 
and Willis (1999) and Williams et al. (1990). 
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CHAPTER 5 
 
CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH 
 
Chapter 2 described details related to the geochronology established for the 
upper Escalante River, and compared results from both 14C and OSL dating.  Both 
dating methods have been shown to be problematic in fluvial settings; however, the 
large number of samples collected in this study allowed for a determination of each 
method’s reliability in the upper Escalante River, a small, semi-arid headwaters system.  
In Chapter 3, the geochronology was used in conjunction with detailed stratigraphic 
descriptions to reconstruct the Holocene arroyo history of the upper Escalante River.  
The results were compared to other regional records (fluvial and paleoclimate) in order 
to test existing hypotheses regarding the causes of arroyo incision.  The major findings 
of each chapter are set forth below, along with recommendations for future work. 
Based on the results presented in Chapter 2, it appears that both methods (AMS 
14C and OSL dating) are capable of producing a reliable geochronologic record for the 
upper Escalante River.  Ages determined from both methods (including preliminary SG 
OSL ages) are stratigraphically consistent with the exception of three samples, all of 
which are <0.1 ka.  Among problematic samples, there is evidence that OSL and 14C 
dates are equally likely to produce age overestimates due to incomplete bleaching (OSL) 
and reworking and/or old wood effects (14C).   
In watersheds with abundant organics for dating (particularly if there is unaltered 
organic material), AMS 14C dating provides the quickest way to establish a chronology.  
However, many watersheds do not have sufficient amounts of organic material, 
particularly in targeted sediment packages that can be most valuable in constraining the 
timing of important geomorphic events such as arroyo incision.  Conversely, most 
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dryland river systems in the southwestern United States have abundant quartz sand, 
allowing an alternative dating method.  A major concern in OSL dating has been the 
effect of partial bleaching on OSL ages from fluvial systems, particularly those 
characterized by short transport distances and flashy discharge.  These conditions can 
lead to incomplete bleaching, or a residual luminescence signal, which is capable of 
returning an age that is too old due to the averaging effects of differently-bleached 
grains.  This problem becomes more pronounced when studying Holocene deposits.  
Additionally, very young samples have a low luminescence signal which can introduce 
error.   
The results of this study indicate that these problems can be surmounted, 
particularly with the use of single-grain dating on very young or otherwise problematic 
samples.  Although OSL machine time is not necessarily any more time consuming 
when performing single grain versus small aliquot analyses, it does take longer to 
analyze the resulting SG data, particularly for samples that have low luminescence 
sensitivity.  The USU Luminescence Laboratory generally considers an age finalized 
once 100 grains have been accepted but the number of grains that must be run to 
produce 100 acceptable grains varies depending on each sample’s individual 
luminescence characteristics.  All 12 SG samples in this study are considered 
preliminary at this point as no samples have produced 100 accepted grains, even though 
over 3000 grains have been run for some samples. 
Initially, most samples were analyzed using small (1-mm) aliquots before making 
the decision to switch to SG analysis, although incomplete bleaching was expected to be 
an issue.  Subsequent examination of De distributions (and associated statistics such as 
skew, kurtosis and overdispersion) of the SA data confirmed that incomplete bleaching is 
an issue, and that the averaging effects (even with the smallest aliquot size of 1 mm) are 
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too severe to be accounted for even with the use of a minimum age model.  SG 
measurements from these samples helped show why this was the case.  All 12 samples 
that were analyzed using SG methods had >10% responsive grains (responses ranged 
from 11 – 44% of grains).  Because grain responsiveness varies depending on a number 
of factors including source rock, it is recommended that sample luminescence properties 
be examined at the outset when working with samples likely to have a residual signal.  
Depending on the grain size (and thus number of grains per disk), even 10% of grains 
contributing to the luminescence signal could cause averaging, and the error associated 
with this will be larger in young samples.  For young samples with probable incomplete 
bleaching and >10% responsive grains, SG analysis is recommended. 
Even though OSL dating can be more time consuming, the successful use of 
OSL in this challenging fluvial setting is promising for researchers working in areas 
where other dating methods cannot be employed.  Further, other commonly used dating 
methods contain equally probable sources of error (e.g., reworking of older material with 
14C dating).  Because of the number of data points obtained for each OSL sample, it is 
possible to determine if a sample was well bleached at deposition using a number of 
criteria outlined in Chapter 2.  Further, statistical age models can help determine the 
most appropriate equivalent dose and age of the sample.  This level of analysis would 
be difficult with 14C unless a similar number of 14C samples (10s – 100s) was collected 
from each layer.  In general, this is not cost effective with 14C.  Therefore, it is not usually 
possible to say with certainty if reworking is a problem except with cross-checks on 
stratigraphic integrity.   
For those samples where SG OSL was performed, preliminary results are 
younger (by 0.1 – 1.2 ka) than preliminary results on the same samples using SA 
analyses.  An interesting step for future research would be to complete all OSL samples 
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using both SG and SA analysis and to compare the results.  Based on the results 
discussed above, it is possible that some of the finalized SA OSL ages, even where they 
are statistically the same age as nearby 14C samples, may be slightly too old.  Such a 
finding would reinforce the recommendation above to go straight to SG OSL analysis in 
similar fluvial systems if time permits. 
In the case that all samples could not be completed using both SG and SA 
analysis, the geochronology developed here would be most benefitted if certain samples 
were switched over to SG analysis.  The incision event identified for the upper Escalante 
~0.9 – 1.0 ka appears be slightly earlier than similarly-timed incision events in proximal 
drainages.  Two OSL samples (USU-603 and USU-701) collected and analyzed using 
SA analyses could potentially help answer whether this incision event really did occur 
earlier or if the identified timing is slightly too old based on OSL averaging effects.  
Although less important to the overall chronology, USU-602 and USU-753 may also 
benefit from SG analysis.  Of all the SA samples, these two in particular have fewer 
aliquots falling within 2 s.e. of the De selected by the MAM-3.   
For samples collected in this study, dose-recovery pre-heat plateau tests and 
thermal transfer tests should be run for at least two more samples to ensure that the 
sample tested (USU-472) was in fact indicative of all the samples in the study area.  It 
would be advisable to run such tests on the more problematic samples (i.e., those that 
are < 1 ka).   
Finally, the overall geochronology presented here would be improved if more 
dates could be obtained from older deposits.  Of course, this is generally more difficult 
given lower preservation potential.  However, upstream study sites were more likely to 
preserve deposits older than 2 ka, so it would be advisable to spend more time in the 
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future finding new outcrops upstream of the main study reach (Outcrops B – J) 
examined here. 
Chapter 3 discussed the Holocene fluvial history of the upper Escalante River 
using the geochronology discussed in Chapter 2 along with detailed stratigraphic 
descriptions at 11 key sites.  A total of 37 ages obtained extended the existing 
chronology of this area past ~2.5 ka (Webb, 1985; Webb and Hasbargen, 1997) to the 
middle Holocene.  At least six arroyo cycles were identified, with aggradation being the 
primary mode of these systems, punctuated by relatively rapid entrenchment events.   
The timing of these events was compared to other recently updated fluvial 
chronologies in the region (Summa, 2009; Harvey et al., 2010).  As suggested by 
Hereford (2002), arroyo incision events are broadly synchronous for the upper Escalante 
and Kitchen Corral Wash over the last 1 ka; however, incision events do not correlate as 
well prior to that time.  It is not clear whether this is due to an actual disparity among 
drainages or if this is because of preservation effects.  Future study in these drainages 
should continue to develop the chronostratigraphy of alluvial packages in order to more 
fully examine the timing of arroyo cycles in proximal drainages in order to determine if 
they occur in a synchronous manner.  The findings of this study suggest that while 
regionally synchronous incision may occur, it should not always be expected given 
internal differences in watersheds. 
As stated in Chapter 3, one goal of this research was to examine previously 
existing hypotheses regarding causes for arroyo incision in the southwestern United 
States.  The regionally synchronous behavior of fluvial systems as cited by Hereford 
(2002) is one of the major lines of evidence suggesting that climate plays an important 
role in arroyo cyclicity.  The results of this study indicate that regional climate forcings 
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may be important; however, internal factors may also play an important role in 
determining the timing of aggradation and degradation.   
Regional paleoclimate records for the central and southern Colorado Plateau 
were compared to the Holocene fluvial chronology for the upper Escalante River.  
Regional records are more highly resolved for the past 1 ka, and 3 incision events have 
occurred in that time along the upper Escalante River.  Two of the three incision events 
align with transitions from multi-decadal drought periods to wetter than average 
conditions as identified from tree-ring records (D’Arrigo and Jacoby, 1991; Meko et al., 
2007).  The incision event at ~1 – 0.9 ka occurs slightly before a severe drought 
transition, although this apparent offset may be due to OSL ages being slightly older 
than the actual depositional age due to the averaging effects in incompletely bleached 
samples.  The incision events also coincide with large paleoflood clusters in the 
Escalante drainage as identified by Webb (1985) and Webb and Baker (1987).  There is 
a notable drought – wet period transition at 0.7 ka (Meko et al., 2007), but no associated 
incision event.  The lack of an incision event does not diminish the importance of such 
climatic transitions; rather it highlights the probable complexity of these systems.  Even if 
climatic conditions are conducive to arroyo incision, the system must be at threshold 
levels with regard to slope (i.e., if the system has not re-aggraded to a point of instability, 
no incision will occur).  Rates of aggradation will almost certainly vary from drainage to 
drainage, even in adjacent drainages, due to internal factors such as sediment supply, 
valley geometry, and seasonality of high flows.  
Local paleoclimate reconstruction was not done for this research project although 
that would be a very important next step.  Although regional records are helpful, the 
southwestern US is characterized by climatic variation (Sheppard et al., 2002).  
Orographic effects are certainly expected to play a role in the upper Escalante given its 
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proximity to the Aquarius and Kaiparowits Plateaus.  Further, the watershed is located 
along the shifting monsoonal boundary (Poore et al., 2005), another added complexity.  
More local data extending through the Holocene would be extremely helpful for linking 
the response of the upper Escalante River to minor climate fluctuations, particularly for 
the middle Holocene, where regional climate records sometimes provide conflicting data.  
Such localized records, when combined with the newly refined and extended 
geochronology, would prove especially useful for developing geomorphic response 
models.  
The high-elevation Aquarius Plateau has numerous natural lakes that may 
provide paleoecological data that could be used as climate proxies.  Additionally, 
gastropod assemblages were identified in alluvial deposits of the upper Escalante River.  
More detailed study and identification of these assemblages could also aid in 
paleoclimate interpretation.  Channel distal facies might provide valuable pollen 
evidence.  These avenues could potentially provide climate records that extend beyond 
the time period possible through the use of dendrochronologic methods (i.e., ~1 ka).   
A detailed dendrohydrologic reconstruction for the area would also be useful.  As 
discussed in Chapter 3, streamflow reconstructions for large basins such as the 
Colorado River are generally felt to reflect overall regional conditions, but a site specific 
chronology would be very helpful in a number of ways, most specifically in comparing 
such a site-specific streamflow reconstruction to periods of aggradation and degradation 
over the past 1 ka.  Although streamflow reconstructions are typically done for large 
watersheds, Watson et al. (2009) indicate that such reconstructions can be successfully 
done for small headwaters tributaries.  This would potentially be feasible as there is a 
streamflow gage in Escalante, UT that could be used for calibration.  Further, Watson et 
al. (2009) indicate that it is a misconception that tree-ring chronologies must be from 
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within the watershed; instead it is often more desirable to include data from proximal 
regions.  According to the International Tree Ring Data Bank, there are several existing 
tree-ring chronologies west of the study area that could potentially be incorporated in 
such a study.   
Finally, future research should focus on the missing sediments of the early 
Holocene.  Early Holocene deposits appear to be absent in the upper Escalante and 
proximal drainages (Kanab Creek and Buckskin Wash).  An interesting question is 
whether such early Holocene deposits are in fact absent, or whether they may be below 
modern river grade.  Chapter 3 discusses various reasons why such sediments may not 
be present.  However, one well-log obtained from a land owner along Upper Valley 
Creek indicates that the valley-fill alluvium may be up to 54 m deep.  If the fill is as thick 
as indicated, strategically collected cores along the valley axis could be described and 
sampled using OSL, possibly allowing greater insight into the Pleistocene-Holocene 
transition in this area. 
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Appendix A. Optically Stimulated Luminescence Data 
 
 
 
 
 
 
Sample # Escalante, Outcrop B
USU-472 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop B Individual Grain Data
USU-472 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 3.27 1.15 2.02 0.16
MAM-4 = 6.64 0.31 4.10 0.32 3.72 2.84 2.30 0.18
CAM = 8.35 0.68 5.15 0.54 4.01 1.11 2.47 0.20
4.39 2.33 2.71 0.21
Median = 7.58 4.7 0.4 4.68 1.77 2.89 0.23
Min = 3.27 2.0 0.2 4.81 2.92 2.97 0.24
Max = 17.76 11.0 0.9 4.93 1.11 3.04 0.24
5.03 1.73 3.11 0.25
5.15 1.20 3.18 0.25
n accepted= 72 Grains 5.18 1.50 3.20 0.25
n run = 1500 Grains 5.47 1.09 3.37 0.27
1 S.D. = 2.44 5.68 1.31 3.51 0.28
2 Standard error = 0.57 5.76 1.00 3.55 0.28
Random Errors= 5.25 % 5.82 0.52 3.59 0.28
Systematic Error= 5.95 % 6.02 0.84 3.72 0.29
Total Error= 7.93 % 6.05 0.77 3.73 0.30
Bin Width = 1.00 Gy 6.05 1.45 3.73 0.30
6.09 0.92 3.76 0.30
skew = 0.93 6.20 1.76 3.82 0.30
kurtosis = 0.74 6.42 0.73 3.96 0.31
Mean/median = 1.11 6.53 0.57 4.03 0.32
CAM/median = 1.10 6.53 2.17 4.03 0.32
Overdispersion (%) = 29.3 ± 3.3 6.60 0.69 4.07 0.32
± 6.60 2.37 4.07 0.32
dose rate= 1.62 0.07 Gy/ka 6.70 0.58 4.14 0.33
U = 1.30 0.1 ppm 6.75 0.96 4.17 0.33
Th = 3.70 0.3 ppm 6.78 1.42 4.18 0.33
K2O = 1.14 0.03 wt. % 6.89 0.79 4.25 0.34
Rb2O= 47.2 1.9 ppm 6.91 1.72 4.26 0.34
H2O= 3.0 3.0 wt. % 6.96 0.40 4.30 0.34
Cosmic= 0.15 Gy/ka 6.97 1.47 4.30 0.34
depth = 5.0 m 7.04 1.65 4.34 0.34
latitude= 38 degrees (north positive) 7.20 2.16 4.44 0.35
longitude= -111 degrees (east positive) 7.29 1.40 4.50 0.36
elevation= 1.80 km asl 7.30 1.06 4.50 0.36
7.57 1.25 4.67 0.37
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 7.58 0.67 4.68 0.37
7.74 1.46 4.78 0.38
7.84 1.75 4.84 0.38
8.27 1.00 5.10 0.40
8.29 1.29 5.12 0.41
8.32 1.48 5.14 0.41
8.38 2.59 5.17 0.41
8.54 0.07 5.27 0.42
8.62 1.60 5.32 0.42
8.64 1.31 5.33 0.42
9.06 0.20 5.59 0.44
9.07 1.68 5.60 0.44
9.76 2.26 6.02 0.48
9.79 1.31 6.04 0.48
9.92 2.05 6.12 0.49
10.33 0.33 6.38 0.51
10.34 0.25 6.38 0.51
10.36 0.46 6.39 0.51
10.45 1.44 6.45 0.51
10.48 0.83 6.47 0.51
10.60 0.61 6.54 0.52
10.71 2.50 6.61 0.52
11.32 2.00 6.99 0.55
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop B Individual Grain Data
USU-472 Single grain
De (Gy) ± Age (ka) ±
11.50 3.12 7.09 0.56
11.60 2.75 7.16 0.57
11.63 2.05 7.18 0.57
12.04 2.88 7.43 0.59
12.74 0.85 7.86 0.62
12.89 0.63 7.95 0.63
12.90 1.29 7.96 0.63
13.04 2.69 8.05 0.64
13.25 2.17 8.18 0.65
13.61 0.89 8.40 0.67
15.49 0.28 9.56 0.76
17.76 1.24 10.96 0.87
17.76 2.40 10.96 0.87
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Sample # Escalante, Outcrop B
USU-473 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop B Individual Grain Data
USU-473 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-4 = 1.73 0.70 0.80 0.33 0.66 1.21 0.31 0.13
CAM = 2.45 0.56 1.14 0.27 0.72 1.01 0.33 0.14
0.83 1.87 0.38 0.16
Median = 1.68 0.8 0.3 0.88 0.93 0.41 0.17
Min = 0.66 0.3 0.1 0.89 1.53 0.41 0.17
Max = 6.73 3.1 1.3 0.97 1.59 0.45 0.18
1.00 1.68 0.46 0.19
n accepted = 45 Grains 1.07 1.03 0.50 0.20
n run = 2000 Grains 1.08 1.30 0.50 0.21
1 S.D. = 1.29 1.11 1.17 0.52 0.21
2 Standard error = 0.38 1.19 2.23 0.55 0.23
Random Errors= 40.52 % 1.25 0.31 0.58 0.24
Systematic Error= 5.98 % 1.25 2.14 0.58 0.24
Total Error= 40.96 % 1.38 2.20 0.64 0.26
Bin Width = 1.00 Gy 1.40 0.70 0.65 0.27
1.50 0.80 0.70 0.29
skew = 1.99 1.57 3.40 0.73 0.30
kurtosis = 4.26 1.58 0.60 0.73 0.30
Mean/median = 1.23 1.58 2.96 0.73 0.30
CAM/median = 1.46 1.58 0.99 0.73 0.30
Overdispersion (%) = 44.1 ± 10.6 1.59 2.04 0.74 0.30
± 1.67 1.71 0.77 0.32
dose rate= 2.16 0.10 Gy/ka 1.68 0.82 0.78 0.32
U = 1.80 0.1 ppm 1.70 1.38 0.79 0.32
Th = 5.20 0.5 ppm 1.70 2.82 0.79 0.32
K2O = 1.53 0.04 wt. % 1.75 1.36 0.81 0.33
Rb2O= 65.3 2.6 ppm 1.96 0.51 0.91 0.37
H2O= 3.0 3.0 wt. % 1.97 1.09 0.91 0.37
Cosmic= 0.16 Gy/ka 2.04 1.84 0.95 0.39
depth = 4.5 m 2.11 0.90 0.98 0.40
latitude= 37 degrees (north positive) 2.15 1.40 1.00 0.41
longitude= -111 degrees (east positive) 2.25 0.27 1.04 0.43
elevation= 1.80 km asl 2.29 3.16 1.06 0.44
2.39 2.15 1.11 0.45
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 2.44 2.56 1.13 0.46
2.53 2.37 1.17 0.48
2.61 2.72 1.21 0.50
3.03 0.55 1.41 0.58
3.07 1.99 1.42 0.58
3.07 1.60 1.43 0.58
3.20 0.83 1.48 0.61
4.42 0.61 2.05 0.84
5.25 1.22 2.44 1.00
5.96 0.76 2.76 1.13
6.73 1.02 3.12 1.28
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop G
USU-601 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop G Individual Grain Data
USU-601 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-4 = 1.88 0.37 0.80 0.17 0.42 0.65 0.18 0.04
CAM = 3.88 0.66 1.66 0.30 0.55 1.45 0.24 0.05
0.60 1.46 0.25 0.05
Median = 2.57 1.1 0.2 0.63 0.98 0.27 0.06
Min = 0.42 0.2 0.0 0.76 1.48 0.33 0.07
Max = 8.20 3.5 0.7 0.77 1.30 0.33 0.07
0.84 1.99 0.36 0.08
n accepted = 50 grains 0.89 1.38 0.38 0.08
n run = 1900 grains 0.94 2.49 0.40 0.08
1 S.D. = 2.75 1.00 1.96 0.43 0.09
2 Standard error = 0.78 1.05 0.83 0.45 0.09
Random Errors= 20.03 % 1.21 2.69 0.52 0.11
Systematic Error= 5.92 % 1.22 0.76 0.52 0.11
Total Error= 20.88 % 1.28 1.09 0.54 0.11
Bin Width = 1.00 Gy 1.44 1.12 0.61 0.13
1.46 1.56 0.62 0.13
skew = 0.85 1.63 1.08 0.69 0.14
kurtosis = -0.22 1.67 1.99 0.71 0.15
Mean/median = 1.19 1.76 2.44 0.75 0.16
CAM/median = 1.51 1.76 1.09 0.75 0.16
Overdispersion (%) = 40.0 ± 7.1 1.81 1.35 0.77 0.16
1.94 0.09 0.83 0.17
± 2.05 1.08 0.88 0.18
dose rate= 2.34 0.10 Gy/ka 2.27 1.94 0.97 0.20
U = 1.50 0.1 ppm 2.54 0.18 1.09 0.23
Th = 6.30 0.6 ppm 2.60 1.33 1.11 0.23
K2O = 1.63 0.04 wt. % 2.69 1.82 1.15 0.24
Rb2O= 59.8 2.4 ppm 2.88 1.49 1.23 0.26
H2O= 3.0 3.0 wt. % 3.03 0.89 1.29 0.27
Cosmic= 0.26 Gy/ka 3.20 0.43 1.37 0.29
depth = 1.2 m 3.27 1.99 1.40 0.29
latitude= 37 degrees (north positive) 3.28 1.81 1.40 0.29
longitude= -111 degrees (east positive) 3.48 2.19 1.49 0.31
elevation= 1.90 km asl 3.55 0.80 1.51 0.32
3.72 1.25 1.59 0.33
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 4.30 1.20 1.83 0.38
4.50 0.27 1.92 0.40
4.56 0.59 1.94 0.41
4.56 0.77 1.95 0.41
4.80 0.66 2.05 0.43
4.96 1.47 2.12 0.44
5.09 1.00 2.17 0.45
5.49 1.21 2.34 0.49
5.95 1.05 2.54 0.53
6.55 0.93 2.79 0.58
6.63 1.12 2.83 0.59
7.40 0.57 3.16 0.66
7.54 0.81 3.22 0.67
8.16 2.14 3.48 0.73
8.20 1.26 3.50 0.73
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop J
USU-602 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop J Individual Aliquot Data
USU-602 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 3.47 0.73 1.79 0.39 2.29 1.18 1.18 0.26
CAM = 5.59 0.73 2.88 0.42 2.59 0.82 1.33 0.29
2.62 0.33 1.35 0.30
Median = 5.61 2.9 0.6 2.82 0.99 1.45 0.32
Min = 2.29 1.2 0.3 3.06 0.91 1.58 0.35
Max = 7.71 4.0 0.9 3.80 0.80 1.96 0.43
3.86 0.21 1.99 0.44
3.89 2.62 2.01 0.44
n accepted = 31 Aliquots 4.06 0.90 2.09 0.46
n run = 63 Aliquots 4.29 1.86 2.21 0.49
1 S.D. = 2.20 4.42 0.31 2.28 0.50
2 Standard error = 0.79 4.99 0.37 2.57 0.57
Random Errors= 21.30 % 5.02 0.60 2.58 0.57
Systematic Error= 5.94 % 5.46 0.99 2.81 0.62
Total Error= 22.11 % 5.47 0.23 2.82 0.62
Bin Width = 1.00 Gy 5.61 1.00 2.89 0.64
5.65 0.63 2.91 0.64
skew = 0.87 5.97 0.97 3.08 0.68
kurtosis = 1.67 6.10 1.10 3.14 0.69
Mean/median = 1.00 6.16 0.45 3.17 0.70
CAM/median = 1.00 6.37 0.68 3.28 0.73
Overdispersion (%) = 32.1 ± 5.0 6.70 0.10 3.45 0.76
± 6.71 0.37 3.46 0.76
dose rate= 1.94 0.09 Gy/ka 6.92 0.98 3.57 0.79
U = 1.60 0.1 ppm 7.13 0.70 3.67 0.81
Th = 7.20 0.6 ppm 7.37 0.10 3.79 0.84
K2O = 1.20 0.03 wt. % 7.69 0.32 3.96 0.88
Rb2O= 45.4 1.8 ppm 7.71 1.25 3.97 0.88
H2O= 3.0 3.0 wt. % 7.72 2.27 3.98 0.88
9.69 0.13 4.99 1.10
Cosmic= 0.12 Gy/ka 12.40 0.98 6.39 1.41
depth = 7.7 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop I
USU-603 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop I Individual Aliquot Data
USU-603 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 1.58 0.70 0.95 0.43 0.33 0.45 0.20 0.09
CAM = 4.23 2.10 2.54 1.27 0.50 1.25 0.30 0.13
0.79 0.34 0.48 0.21
Median = 2.41 1.4 0.7 1.02 1.60 0.61 0.27
Min = 0.33 0.2 0.1 1.16 1.42 0.70 0.31
Max = 18.39 11.0 5.0 1.38 2.38 0.83 0.37
1.48 2.89 0.89 0.40
n  accepted = 22 Aliquots 1.49 3.59 0.89 0.40
n run = 73 Aliquots 1.65 1.17 0.99 0.45
1 S.D. = 6.06 1.72 0.33 1.03 0.46
2 Standard error = 2.58 2.13 1.10 1.28 0.58
Random Errors= 44.62 % 2.70 2.20 1.62 0.73
Systematic Error= 5.94 % 2.91 1.37 1.74 0.79
Total Error= 45.01 % 3.04 2.50 1.82 0.82
Bin Width = 1.00 Gy 3.80 1.11 2.28 1.03
5.02 0.73 3.01 1.35
skew = 1.39 5.57 0.83 3.34 1.50
kurtosis = 0.43 12.04 1.11 7.23 3.25
Mean/median = 2.16 12.79 1.33 7.67 3.45
CAM/median = 1.75 17.31 2.22 10.38 4.67
Overdispersion (%) = 94.9 ± 19.4 17.55 2.03 10.53 4.74
18.39 2.36 11.03 4.97
±
dose rate= 1.67 0.08 Gy/ka
U = 1.10 0.1 ppm
Th = 4.50 0.4 ppm
K2O = 1.18 0.03 wt. %
Rb2O= 43.4 1.7 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.16 Gy/ka
depth = 4.6 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop I
USU-604 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop I Individual Aliquot Data
USU-604 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 1.09 0.47 0.53 0.23 0.64 1.91 0.31 0.14
CAM = 4.54 1.52 2.20 0.75 0.76 0.72 0.37 0.16
0.82 0.26 0.39 0.17
Median = 4.59 2.2 1.0 0.97 0.09 0.47 0.21
Min = 0.64 0.3 0.1 0.99 1.36 0.48 0.21
Max = 16.24 7.8 3.4 1.23 1.68 0.59 0.26
1.24 0.74 0.60 0.26
n accepted = 30 Aliquots 1.34 0.40 0.65 0.28
n run = 108 Aliquots 1.49 1.22 0.72 0.31
1 S.D. = 5.46 1.90 0.62 0.92 0.40
2 Standard error = 1.99 2.60 1.71 1.26 0.55
Random Errors= 43.23 % 2.64 0.23 1.28 0.56
Systematic Error= 5.91 % 2.65 1.61 1.28 0.56
Total Error= 43.63 % 4.02 0.91 1.94 0.85
Bin Width = 1.00 Gy 4.19 0.34 2.03 0.88
4.99 0.30 2.41 1.05
skew = 1.33 5.15 1.81 2.49 1.09
kurtosis = 1.50 6.60 1.18 3.19 1.39
Mean/median = 1.21 6.79 0.31 3.28 1.43
CAM/median = 0.99 6.92 0.38 3.34 1.46
Overdispersion (%) = 82.8 ± 12.4 7.18 0.38 3.47 1.51
7.32 0.41 3.54 1.54
± 7.44 0.84 3.59 1.57
dose rate= 2.07 0.09 Gy/ka 8.26 1.30 3.99 1.74
U = 1.60 0.1 ppm 8.30 1.29 4.01 1.75
Th = 5.90 0.5 ppm 9.13 0.55 4.41 1.93
K2O = 1.37 0.03 wt. % 9.20 0.44 4.44 1.94
Rb2O= 51.9 2.1 ppm 16.24 0.60 7.85 3.43
H2O= 3.0 3.0 wt. % 16.91 1.23 8.17 3.57
19.14 1.68 9.25 4.04
Cosmic= 0.20 Gy/ka
depth = 3.0 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop H
USU-606 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop H Individual Grain Data
USU-606 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 0.58 0.98 0.32 0.05
MAM =-4 2.43 0.35 1.34 0.21 0.61 0.91 0.34 0.05
CAM = 2.93 0.41 1.62 0.25 0.77 1.30 0.43 0.07
0.80 1.15 0.44 0.07
Median = 2.01 1.1 0.2 0.86 2.02 0.47 0.07
Min = 0.58 0.3 0.1 0.91 1.04 0.50 0.08
Max = 6.91 3.8 0.6 0.91 1.95 0.51 0.08
0.96 1.40 0.53 0.08
n accepted= 81 grains 1.29 1.03 0.71 0.11
n run = 3100 grains 1.30 2.75 0.72 0.11
1 S.D. = 2.12 1.34 0.90 0.74 0.12
2 Standard error = 1.41 1.38 2.77 0.76 0.12
Random Errors= 14.63 % 1.43 1.80 0.79 0.12
Systematic Error= 5.83 % 1.43 2.48 0.79 0.12
Total Error= 15.74 % 1.45 1.55 0.80 0.13
Bin Width = 1.00 Gy 1.45 1.38 0.80 0.13
1.45 2.07 0.80 0.13
skew = 1.52 1.47 3.21 0.81 0.13
kurtosis = 2.08 1.51 0.03 0.83 0.13
Mean/median = 1.19 1.54 1.35 0.85 0.13
CAM/median = 1.46 1.57 1.11 0.87 0.14
Overdispersion (%) = 37.8 ± 6.3 1.59 1.48 0.88 0.14
1.61 2.64 0.89 0.14
± 1.62 1.45 0.89 0.14
dose rate= 1.81 0.08 Gy/ka 1.62 2.07 0.90 0.14
U = 1.30 0.1 ppm 1.63 1.60 0.90 0.14
Th = 5.70 0.5 ppm 1.66 0.53 0.92 0.14
K2O = 1.11 0.03 wt. % 1.66 1.90 0.92 0.14
Rb2O= 41.8 1.7 ppm 1.66 1.48 0.92 0.15
H2O= 3.0 3.0 wt. % 1.67 2.17 0.92 0.15
Cosmic= 0.24 Gy/ka 1.69 1.43 0.94 0.15
depth = 1.8 m 1.74 2.50 0.96 0.15
latitude= 37 degrees (north positive) 1.75 2.92 0.97 0.15
longitude= -111 degrees (east positive) 1.75 1.81 0.97 0.15
elevation= 1.90 km asl 1.86 1.82 1.03 0.16
1.87 2.77 1.03 0.16
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 1.87 0.90 1.04 0.16
1.92 1.12 1.06 0.17
1.93 2.18 1.07 0.17
1.94 1.00 1.07 0.17
2.01 0.63 1.11 0.18
2.04 0.66 1.13 0.18
2.09 1.25 1.16 0.18
2.11 0.72 1.17 0.18
2.13 0.80 1.18 0.19
2.15 2.10 1.19 0.19
2.16 0.68 1.19 0.19
2.19 1.76 1.21 0.19
2.22 2.31 1.23 0.19
2.23 1.27 1.24 0.19
              CAM and MAM from Galbraith et al., 1999
192
Sample # Escalante, Outcrop H Individual Grain Data
USU-606 Single grain
De (Gy) ± Age (ka) ±
2.27 1.35 1.26 0.20
2.29 0.66 1.27 0.20
2.30 1.02 1.27 0.20
2.34 0.45 1.30 0.20
2.41 2.35 1.33 0.21
2.46 3.14 1.36 0.21
2.54 1.88 1.41 0.22
2.55 1.27 1.41 0.22
2.67 2.39 1.48 0.23
2.76 0.94 1.53 0.24
2.87 0.92 1.59 0.25
2.92 0.47 1.62 0.25
2.93 0.15 1.62 0.26
2.97 0.68 1.64 0.26
3.00 1.35 1.66 0.26
3.18 1.78 1.76 0.28
3.21 0.98 1.77 0.28
3.37 0.63 1.86 0.29
3.59 0.29 1.99 0.31
3.68 1.39 2.04 0.32
3.94 2.31 2.18 0.34
4.21 0.68 2.33 0.37
4.29 0.85 2.37 0.37
4.79 0.54 2.65 0.42
5.18 0.76 2.87 0.45
5.21 0.97 2.88 0.45
5.59 1.29 3.09 0.49
5.64 0.87 3.12 0.49
5.77 1.03 3.20 0.50
6.70 0.58 3.71 0.58
6.91 0.64 3.82 0.60
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Sample # Escalante, Outcrop D
USU-607 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop D Individual Aliquot Data
USU-607 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 3.45 0.69 2.06 0.44 3.06 0.37 1.83 0.39
CAM = 6.82 1.34 4.08 0.85 3.53 0.77 2.11 0.45
3.65 0.38 2.18 0.46
Median = 6.23 3.7 0.8 3.72 0.70 2.22 0.47
Min = 3.06 1.8 0.4 3.72 2.18 2.23 0.47
Max = 18.25 10.9 2.3 3.89 0.85 2.33 0.49
4.81 1.40 2.88 0.61
n accepted= 26 Aliquots 4.92 0.96 2.95 0.62
n run = 77 Aliquots 5.06 0.37 3.03 0.64
1 S.D. = 3.99 5.07 0.10 3.03 0.64
2 Standard error = 1.57 5.28 0.04 3.16 0.67
Random Errors= 20.30 % 5.33 0.94 3.19 0.67
Systematic Error= 5.86 % 6.17 0.76 3.69 0.78
Total Error= 21.13 % 6.29 0.40 3.76 0.80
Bin Width = 1.00 Gy 6.99 0.64 4.18 0.88
7.00 0.29 4.19 0.88
skew = 1.12 7.07 1.01 4.23 0.89
kurtosis = 0.25 7.07 0.30 4.23 0.89
Mean/median = 1.21 7.84 0.28 4.69 0.99
CAM/median = 1.10 10.22 0.12 6.11 1.29
Overdispersion (%) = 48.1 ± 7.2 11.38 0.54 6.81 1.44
± 13.69 0.57 8.19 1.73
dose rate= 1.67 0.08 Gy/ka 13.97 1.91 8.36 1.77
U = 1.30 0.1 ppm 14.11 1.84 8.44 1.78
Th = 6.10 0.5 ppm 14.21 0.74 8.50 1.80
K2O = 0.99 0.02 wt. % 18.25 0.75 10.92 2.31
Rb2O= 37.7 1.5 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.17 Gy/ka
depth = 4.5 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop D
USU-608 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop D Individual Grain Data
USU-608 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 2.70 0.68 1.19 0.31 1.40 2.13 0.62 0.16
CAM = 3.58 0.61 1.58 0.29 1.46 1.04 0.64 0.17
1.66 1.75 0.73 0.19
Median = 2.74 1.2 0.3 1.66 2.31 0.73 0.19
Min = 1.40 0.6 0.2 1.89 1.62 0.84 0.22
Max = 8.35 3.7 1.0 2.01 1.35 0.89 0.23
2.06 1.39 0.91 0.24
n accepted = 31 grains 2.16 2.37 0.96 0.25
n run = 1800 grains 2.17 1.37 0.96 0.25
1 S.D. = 1.60 2.22 2.50 0.98 0.25
2 Standard error = 0.58 2.25 0.48 0.99 0.26
Random Errors= 25.35 % 2.34 2.83 1.03 0.27
Systematic Error= 5.93 % 2.56 0.47 1.13 0.29
Total Error= 26.04 % 2.64 0.51 1.17 0.30
Bin Width = 1.00 Gy 2.65 1.48 1.17 0.30
2.74 0.38 1.21 0.31
skew = 1.57 2.77 2.72 1.22 0.32
kurtosis = 3.53 3.08 1.35 1.36 0.35
Mean/median = 1.16 3.61 1.20 1.59 0.42
CAM/median = 1.31 3.62 1.68 1.60 0.42
Overdispersion (%) = 28.3 ± 8.0 3.72 0.41 1.64 0.43
3.73 1.81 1.65 0.43
± 3.77 2.11 1.66 0.43
dose rate= 2.27 0.10 Gy/ka 3.83 1.43 1.69 0.44
U = 1.50 0.1 ppm 3.87 1.75 1.71 0.45
Th = 7.30 0.7 ppm 4.07 1.25 1.79 0.47
K2O = 1.54 0.04 wt. % 4.56 1.03 2.01 0.52
Rb2O= 58.9 2.4 ppm 4.93 0.74 2.18 0.57
H2O= 3.0 3.0 wt. % 5.14 0.88 2.27 0.59
Cosmic= 0.19 Gy/ka 5.87 1.27 2.59 0.67
depth = 3.5 m 8.35 1.61 3.69 0.96
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop Z
USU-698 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function; (c) Radial plot 
(gray region and central line = CAM)
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Sample # Escalante, Outcrop Z Individual Aliquot Data
USU-698 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 172.54 7.17 70.20 5.49 123.27 18.55 50.16 3.92
MAM = 143.54 8.77 58.41 5.26 127.85 22.06 52.02 4.06
n = 27 Aliquots 140.13 3.29 57.02 4.45
143.41 8.39 58.35 4.56
Median = 173.65 70.7 5.5 147.17 19.87 59.88 4.68
Min = 123.27 50.2 3.9 157.23 23.20 63.98 5.00
Max = 197.58 80.4 6.3 157.63 2.05 64.14 5.01
159.78 14.42 65.01 5.08
160.42 5.92 65.27 5.10
1 S.D. = 20.92 160.61 6.12 65.35 5.11
2 Standard error = 8.05 162.37 5.24 66.07 5.16
Random Errors= 4.72 % 170.60 16.15 69.42 5.42
Systematic Error= 6.22 % 170.67 3.37 69.44 5.43
Total Error= 7.81 % 173.65 3.06 70.66 5.52
Bin Width = 10.00 Gy 174.45 9.04 70.98 5.55
174.62 2.84 71.05 5.55
skew = -0.645 182.08 7.07 74.09 5.79
kurtosis = -0.356 183.60 18.93 74.70 5.84
Mean/median = 1.0 185.78 9.95 75.59 5.91
CAM/median = 0.994 186.54 0.57 75.90 5.93
Overdispersion (%) = 9.3 ± 1.6 188.05 4.72 76.51 5.98
190.29 1.78 77.43 6.05
± 191.23 2.19 77.81 6.08
dose rate= 2.46 0.11 Gy/ka 192.34 26.32 78.26 6.11
U = 1.50 0.1 ppm 193.40 8.81 78.69 6.15
Th = 6.10 0.5 ppm 197.11 0.96 80.20 6.27
K2O = 2.01 0.05 wt. % 197.58 7.26 80.39 6.28
Rb2O= 80.2 3.2 ppm
H2O= 3.4 3.4 wt. %
Cosmic= 0.10 Gy/ka
depth = 9.6 m
latitude= 38 degrees (north positive)
longitude= -111.7 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop F
USU-700 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop F Individual Grain Data
USU-700 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 0.28 1.55 0.13 0.04
MAM-4 = 1.82 0.55 0.84 0.26 0.31 1.07 0.14 0.04
CAM = 3.00 0.54 1.38 0.26 0.33 2.76 0.15 0.05
0.37 2.32 0.17 0.05
Median = 1.69 0.8 0.2 0.44 1.74 0.20 0.06
Min = 0.28 0.1 0.0 0.55 1.53 0.25 0.08
Max = 8.87 4.1 1.3 0.78 1.66 0.36 0.11
0.80 0.81 0.37 0.11
n accepted = 73 grains 0.81 0.94 0.37 0.12
n run = 1900 grains 0.83 1.31 0.38 0.12
1 S.D. = 2.33 0.86 1.57 0.40 0.12
2 Standard error = 0.55 0.86 1.44 0.40 0.12
Random Errors= 30.43 % 0.95 2.03 0.44 0.14
Systematic Error= 5.93 % 0.96 0.93 0.44 0.14
Total Error= 31.01 % 0.99 1.61 0.46 0.14
Bin Width = 1.00 Gy 1.01 1.88 0.47 0.14
1.02 1.68 0.47 0.15
skew = 1.67 1.05 2.14 0.48 0.15
kurtosis = 2.99 1.06 1.23 0.49 0.15
Mean/median = 1.34 1.07 2.43 0.49 0.15
CAM/median = 1.78 1.08 2.20 0.50 0.15
Overdispersion (%) = 45.7 ± 8.0 1.11 1.65 0.51 0.16
1.13 0.44 0.52 0.16
± 1.15 1.25 0.53 0.16
dose rate= 2.17 0.10 Gy/ka 1.17 1.51 0.54 0.17
U = 1.60 0.1 ppm 1.22 0.56 0.56 0.17
Th = 5.20 0.5 ppm 1.25 0.88 0.57 0.18
K2O = 1.53 0.04 wt. % 1.33 2.83 0.62 0.19
Rb2O= 57.1 2.3 ppm 1.37 1.58 0.63 0.20
H2O= 3.0 3.0 wt. % 1.39 0.68 0.64 0.20
Cosmic= 0.22 Gy/ka 1.42 2.10 0.66 0.20
depth = 2.2 m 1.42 0.82 0.66 0.20
latitude= 37 degrees (north positive) 1.44 2.25 0.66 0.21
longitude= -111 degrees (east positive) 1.53 1.65 0.70 0.22
elevation= 1.90 km asl 1.64 1.88 0.76 0.23
1.66 1.90 0.77 0.24
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 1.69 1.26 0.78 0.24
1.69 0.90 0.78 0.24
1.72 0.99 0.79 0.25
1.76 1.68 0.81 0.25
1.77 1.01 0.82 0.25
1.82 1.37 0.84 0.26
1.83 1.18 0.84 0.26
2.00 1.09 0.92 0.29
2.05 0.56 0.94 0.29
2.15 0.97 0.99 0.31
2.17 1.13 1.00 0.31
2.18 1.88 1.01 0.31
2.26 1.10 1.04 0.32
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop F Individual Grain Data
USU-700 Single grain
De (Gy) ± Age (ka) ±
2.28 2.28 1.05 0.33
2.41 2.38 1.11 0.34
2.51 0.83 1.16 0.36
2.63 2.34 1.21 0.38
2.64 1.23 1.22 0.38
2.74 2.58 1.26 0.39
3.39 1.18 1.56 0.48
3.52 1.62 1.62 0.50
3.67 1.50 1.69 0.52
3.67 1.42 1.69 0.53
3.74 0.62 1.72 0.53
3.74 1.01 1.73 0.53
3.79 0.37 1.75 0.54
4.00 0.76 1.84 0.57
4.80 0.53 2.21 0.69
4.91 0.66 2.27 0.70
5.02 0.38 2.31 0.72
5.05 1.45 2.33 0.72
5.35 0.41 2.47 0.76
5.41 0.70 2.49 0.77
5.68 2.36 2.62 0.81
5.72 1.38 2.64 0.82
8.58 0.87 3.96 1.23
8.87 1.46 4.09 1.27
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Sample # Escalante, Outcrop F
USU-701 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop F Individual Aliquot Data
USU-701 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 2.10 0.50 0.97 0.24 1.19 2.22 0.55 0.14
CAM = 4.11 0.88 1.91 0.43 1.39 1.55 0.64 0.16
1.45 2.06 0.67 0.17
1.60 1.87 0.74 0.18
Median = 2.23 1.0 0.3 1.75 2.08 0.81 0.20
Min = 1.19 0.6 0.1 1.77 1.35 0.82 0.20
Max = 4.27 2.0 0.5 1.79 0.13 0.83 0.21
1.81 0.51 0.84 0.21
n accepted = 41 Aliquots 1.85 0.88 0.86 0.21
n run = 78 Aliquots 1.87 0.46 0.86 0.21
1 S.D. = 3.28 1.95 0.19 0.90 0.22
2 Standard error = 1.02 2.07 2.02 0.96 0.24
Random Errors= 23.85 % 2.16 1.83 1.00 0.25
Systematic Error= 6.78 % 2.17 0.78 1.01 0.25
Total Error= 24.79 % 2.22 0.98 1.03 0.25
Bin Width = 1.00 Gy 2.23 0.94 1.03 0.26
2.47 0.39 1.14 0.28
skew = 1.57 2.65 0.30 1.23 0.30
kurtosis = 2.17 2.87 0.88 1.33 0.33
Mean/median = 1.43 2.91 1.80 1.35 0.33
CAM/median = 1.35 3.05 0.72 1.41 0.35
Overdispersion (%) = 59.1 ± 8.2 3.23 0.94 1.49 0.37
3.35 1.11 1.55 0.38
± 3.53 1.66 1.64 0.41
dose rate= 2.16 0.12 Gy/ka 3.70 0.17 1.71 0.42
U = 1.60 0.1 ppm 3.93 1.08 1.82 0.45
Th = 7.10 0.6 ppm 4.27 1.00 1.98 0.49
K2O = 1.48 0.04 wt. % 4.32 0.49 2.00 0.50
Rb2O= 52.7 2.1 ppm 4.88 1.26 2.26 0.56
H2O= 5.6 5.6 wt. % 5.11 0.48 2.37 0.59
5.40 0.74 2.50 0.62
Cosmic= 0.19 Gy/ka 5.93 0.77 2.75 0.68
depth = 3.6 m 7.11 0.69 3.29 0.82
latitude= 37 degrees (north positive) 7.24 0.87 3.35 0.83
longitude= -111 degrees (east positive) 7.90 0.10 3.66 0.91
elevation= 1.90 km asl 8.15 0.59 3.78 0.94
10.21 1.28 4.73 1.17
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 10.30 0.99 4.77 1.18
10.64 0.25 4.93 1.22
10.83 0.75 5.02 1.24
15.62 1.37 7.24 1.79
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop E
USU-702 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop E Individual Grain Data
USU-702 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-4 = 1.32 0.87 0.87 0.57 0.11 0.78 0.07 0.05
CAM = 2.25 0.70 1.48 0.47 0.16 1.35 0.10 0.07
0.26 2.23 0.17 0.11
Median = 1.29 0.8 0.6 0.33 1.81 0.21 0.14
Min = 0.11 0.1 0.0 0.39 1.83 0.25 0.17
Max = 6.68 4.4 2.9 0.41 2.97 0.27 0.18
0.47 1.70 0.31 0.20
n accepted= 45 grains 0.50 0.34 0.33 0.22
n run = 2000 grains 0.53 2.97 0.35 0.23
1 S.D. = 0.89 0.56 2.53 0.37 0.24
2 Standard error = 0.27 0.65 1.66 0.43 0.28
Random Errors= 65.51 % 0.66 2.09 0.43 0.28
Systematic Error= 5.78 % 0.95 2.21 0.62 0.41
Total Error= 65.76 % 0.99 0.33 0.65 0.43
Bin Width = 1.00 Gy 1.03 2.66 0.68 0.44
1.05 2.87 0.69 0.46
skew = 2.07 1.06 3.53 0.70 0.46
kurtosis = 5.46 1.13 1.72 0.74 0.49
Mean/median = 1.21 1.15 1.02 0.76 0.50
CAM/median = 1.75 1.20 1.33 0.79 0.52
Overdispersion (%) = 49.8 ± 15.0 1.25 1.95 0.82 0.54
1.27 3.64 0.84 0.55
± 1.29 1.92 0.85 0.56
dose rate= 1.52 0.07 Gy/ka 1.29 3.07 0.85 0.56
U = 1.20 0.1 ppm 1.31 2.89 0.86 0.57
Th = 3.90 0.4 ppm 1.35 1.27 0.89 0.59
K2O = 0.93 0.02 wt. % 1.38 1.47 0.91 0.60
Rb2O= 39.2 1.6 ppm 1.44 1.91 0.95 0.62
H2O= 3.0 3.0 wt. % 1.54 2.13 1.01 0.67
Cosmic= 0.25 Gy/ka 1.57 1.42 1.04 0.68
depth = 1.5 m 1.65 0.38 1.08 0.71
latitude= 37 degrees (north positive) 1.70 2.57 1.12 0.74
longitude= -111 degrees (east positive) 1.73 2.06 1.14 0.75
elevation= 1.90 km asl 1.87 2.03 1.23 0.81
1.88 1.43 1.24 0.81
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 1.93 1.63 1.27 0.83
1.93 0.99 1.27 0.84
2.33 2.14 1.53 1.01
2.60 2.25 1.71 1.13
3.06 1.34 2.01 1.32
3.21 1.37 2.12 1.39
3.22 1.05 2.12 1.39
4.15 0.68 2.73 1.79
4.95 1.23 3.26 2.14
6.68 1.21 4.40 2.89
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop E
USU-705 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop E Individual Grain Data
USU-705 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 0.40 0.33 0.20 0.32
MAM-4 = 1.19 1.88 0.61 0.96 0.46 1.36 0.24 0.37
CAM = 3.23 0.54 1.65 0.29 0.48 0.47 0.25 0.39
0.55 1.46 0.28 0.45
Median = 1.68 0.9 1.4 0.56 1.10 0.28 0.45
Min = 0.40 0.2 0.3 0.63 1.07 0.32 0.51
Max = 7.90 4.0 6.4 0.71 3.27 0.36 0.57
0.72 1.89 0.37 0.58
n = 70 grains 0.83 1.28 0.42 0.66
1 S.D. = 2.22 0.87 1.54 0.44 0.70
2 Standard error = 0.53 0.89 0.73 0.46 0.72
Random Errors= 157.72 % 0.91 3.47 0.47 0.74
Systematic Error= 5.92 % 0.93 2.09 0.47 0.75
Total Error= 157.84 % 0.95 0.48 0.48 0.76
Bin Width = 1.00 Gy 0.96 2.72 0.49 0.77
0.97 2.58 0.50 0.78
skew 1.21 0.99 1.43 0.51 0.80
kurtosis 0.99 1.01 2.04 0.52 0.82
mean/median 1.47 1.02 1.71 0.52 0.82
CAM/median 1.93 1.05 1.71 0.54 0.85
Overdispersion (%) = 42.2 ± 7.4 1.09 3.50 0.56 0.88
1.14 0.67 0.58 0.92
± 1.15 1.84 0.59 0.93
dose rate= 1.96 0.09 Gy/ka 1.18 0.77 0.60 0.95
U = 1.30 0.1 ppm 1.32 0.83 0.67 1.06
Th = 5.50 0.5 ppm 1.35 0.64 0.69 1.08
K2O = 1.36 0.03 wt. % 1.35 0.84 0.69 1.09
Rb2O= 44.8 1.8 ppm 1.37 1.12 0.70 1.10
H2O= 3.0 3.0 wt. % 1.39 1.62 0.71 1.12
Cosmic= 0.20 Gy/ka 1.40 2.29 0.72 1.13
depth = 3.1 m 1.42 2.81 0.73 1.15
latitude= 37 degrees (north positive) 1.44 1.94 0.73 1.16
longitude= -111 degrees (east positive) 1.44 1.33 0.73 1.16
elevation= 1.90 km asl 1.54 2.54 0.79 1.24
1.59 1.08 0.81 1.28
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 1.76 1.54 0.90 1.42
1.91 1.79 0.97 1.54
1.93 1.11 0.99 1.56
1.94 1.89 0.99 1.56
2.18 1.36 1.11 1.76
2.27 0.55 1.16 1.83
2.34 1.73 1.19 1.88
2.36 1.25 1.20 1.90
2.91 0.83 1.48 2.34
3.05 0.87 1.56 2.46
3.09 0.98 1.58 2.49
3.16 1.25 1.61 2.55
3.21 1.50 1.64 2.58
3.31 0.79 1.69 2.66
              CAM and MAM from Galbraith et al., 1999
208
Sample # Escalante, Outcrop E Individual Grain Data
USU-705 Single grain
De (Gy) ± Age (ka) ±
3.34 1.28 1.70 2.69
3.40 0.81 1.74 2.74
3.44 0.76 1.75 2.77
3.57 1.83 1.82 2.88
3.59 1.10 1.83 2.89
3.68 2.12 1.88 2.97
3.82 1.97 1.95 3.08
3.89 1.47 1.99 3.13
3.90 0.56 1.99 3.14
4.36 1.09 2.23 3.51
4.42 0.95 2.25 3.56
4.56 0.53 2.33 3.67
4.65 0.53 2.37 3.75
4.67 1.17 2.38 3.76
5.05 1.44 2.58 4.07
5.27 1.05 2.69 4.24
5.61 2.31 2.86 4.52
6.38 0.52 3.25 5.13
7.62 1.23 3.89 6.14
7.69 1.00 3.92 6.19
7.90 0.47 4.03 6.36
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Sample # Escalante, Outcrop E
USU-706 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop E Individual Grain Data
USU-706 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 1.69 1.32 0.78 0.32 0.47 1.32 0.22 0.09
CAM = 2.66 1.07 1.22 0.50 0.68 0.93 0.31 0.13
0.89 1.44 0.41 0.17
Median = 1.69 0.8 0.3 0.97 1.14 0.45 0.18
Min = 0.47 0.2 0.1 1.30 2.19 0.59 0.24
Max = 7.86 3.6 1.5 1.33 0.50 0.61 0.25
1.41 3.06 0.64 0.26
n accepted = 16 grains 1.59 2.73 0.73 0.30
n run = 1800 grains 1.79 0.51 0.82 0.33
1 S.D. = 0.95 1.88 1.52 0.86 0.35
2 Standard error = 0.48 2.03 1.43 0.93 0.38
Random Errors= 40.20 % 2.39 1.56 1.09 0.44
Systematic Error= 5.94 % 2.73 1.38 1.25 0.51
Total Error= 40.64 % 3.66 0.89 1.68 0.68
Bin Width = 1.00 Gy 3.89 0.86 1.79 0.73
7.86 1.61 3.61 1.47
skew = 2.31
kurtosis = 6.45
Mean/median = 1.29
CAM/median = 1.57
Overdispersion (%) = 48.4 ± 18.2
±
dose rate= 2.18 0.10 Gy/ka
U = 1.50 0.1 ppm
Th = 5.50 0.5 ppm
K2O = 1.55 0.04 wt. %
Rb2O= 59.7 2.4 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.22 Gy/ka
depth = 2.4 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop H
USU-707 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function; (c) Radial plot 
(gray region and central line = CAM)
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Sample # Escalante, Outcrop H Individual Grain Data
USU-707 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 1.60 1.62 0.78 0.09
CAM = 5.01 0.45 2.44 0.27 1.60 1.19 0.78 0.09
MAM = 2.85 1.17 1.38 0.58 1.83 1.87 0.89 0.10
2.03 0.12 0.99 0.11
Median = 4.71 2.3 0.3 2.05 1.99 0.99 0.11
Min = 1.60 0.8 0.1 2.14 1.12 1.04 0.12
Max = 8.64 4.2 0.5 2.19 1.41 1.06 0.12
2.37 1.29 1.15 0.13
n accepted = 68 grains 2.82 2.67 1.37 0.15
n run = 3030 grains 2.84 1.66 1.38 0.15
1 S.D. = 1.31 2.88 1.01 1.40 0.15
2 Standard error = 0.32 2.97 2.55 1.44 0.16
Random Errors= 9.35 % 3.04 0.36 1.48 0.16
Systematic Error= 5.88 % 3.23 1.69 1.57 0.17
Total Error= 11.04 % 3.31 0.47 1.61 0.18
Bin Width = 1.00 Gy 3.43 0.32 1.67 0.18
3.48 0.89 1.69 0.19
skew = 0.33 3.51 1.28 1.71 0.19
kurtosis = -0.40 3.65 0.72 1.77 0.20
Mean/median = 1.01 3.70 1.61 1.80 0.20
CAM/median = 1.06 3.82 1.55 1.86 0.21
Overdispersion (%) = 28.7 ± 3.7 3.91 1.13 1.90 0.21
3.94 1.29 1.92 0.21
± 3.99 1.15 1.94 0.21
dose rate= 2.06 0.09 Gy/ka 4.03 0.53 1.96 0.22
U = 1.60 0.1 ppm 4.13 0.28 2.01 0.22
Th = 7.60 0.7 ppm 4.24 0.75 2.06 0.23
K2O = 1.23 0.03 wt. % 4.34 0.90 2.11 0.23
Rb2O= 50.9 2.0 ppm 4.35 1.28 2.11 0.23
H2O= 3.0 3.0 wt. % 4.35 0.37 2.12 0.23
Cosmic= 0.19 Gy/ka 4.49 0.91 2.18 0.24
depth = 3.6 m 4.50 0.92 2.19 0.24
latitude= 37 degrees (north positive) 4.51 1.26 2.19 0.24
longitude= -111 degrees (east positive) 4.52 2.07 2.20 0.24
elevation= 1.90 km asl 4.89 0.47 2.38 0.26
4.89 1.05 2.38 0.26
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 4.97 1.20 2.41 0.27
5.02 0.30 2.44 0.27
5.02 1.73 2.44 0.27
5.07 0.96 2.46 0.27
5.09 0.12 2.47 0.27
5.24 0.97 2.54 0.28
5.26 1.00 2.56 0.28
5.27 1.12 2.56 0.28
5.28 1.24 2.56 0.28
5.29 0.45 2.57 0.28
5.30 1.08 2.58 0.28
5.38 1.53 2.62 0.29
5.39 1.01 2.62 0.29
5.42 1.35 2.64 0.29
5.46 0.54 2.65 0.29
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop H Individual Grain Data
USU-707 Single grain
De (Gy) ± Age (ka) ±
5.62 1.26 2.73 0.30
5.79 1.26 2.81 0.31
5.92 0.69 2.88 0.32
6.03 1.46 2.93 0.32
6.67 0.45 3.24 0.36
6.90 0.25 3.35 0.37
6.93 1.53 3.37 0.37
7.01 1.56 3.41 0.38
7.03 1.25 3.42 0.38
7.29 0.92 3.54 0.39
7.31 2.26 3.55 0.39
8.02 0.57 3.90 0.43
8.05 0.97 3.91 0.43
8.21 1.22 3.99 0.44
8.37 1.89 4.07 0.45
8.53 2.12 4.15 0.46
8.64 0.33 4.20 0.46
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Sample # Escalante, Outcrop A
USU-753 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop A Individual Aliquot Data
USU-753 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 7.65 0.66 2.85 0.31 7.11 0.59 2.65 0.29
CAM = 11.83 1.15 4.41 0.52 7.42 0.32 2.77 0.30
7.83 0.90 2.92 0.32
Median = 11.69 4.4 0.5 8.33 1.65 3.11 0.34
Min = 7.11 2.7 0.3 8.62 0.36 3.22 0.35
Max = 15.60 5.8 0.6 8.66 0.66 3.23 0.35
8.76 0.46 3.27 0.35
n accepted = 34 Aliquots 9.08 0.57 3.38 0.37
n run = 95 Aliquots 9.45 0.37 3.52 0.38
1 S.D. = 3.57 9.53 0.59 3.55 0.39
2 Standard error = 1.22 9.70 0.49 3.62 0.39
Random Errors= 9.05 % 9.81 1.07 3.66 0.40
Systematic Error= 5.99 % 9.87 0.59 3.68 0.40
Total Error= 10.85 % 10.49 1.60 3.91 0.42
Bin Width = 1.00 Gy 11.07 0.29 4.13 0.45
11.44 1.55 4.27 0.46
skew = 0.49 11.93 0.78 4.45 0.48
kurtosis = -0.76 11.94 0.44 4.45 0.48
Mean/median = 1.03 11.99 1.27 4.47 0.49
CAM/median = 0.99 12.14 0.78 4.53 0.49
Overdispersion (%) = 27.2 ± 3.6 12.24 0.59 4.56 0.50
12.85 1.51 4.79 0.52
± 14.08 1.01 5.25 0.57
dose rate= 2.68 0.12 Gy/ka 14.23 0.92 5.31 0.58
U = 2.20 0.2 ppm 15.16 0.31 5.65 0.61
Th = 7.60 0.7 ppm 15.21 0.13 5.67 0.62
K2O = 1.87 0.05 wt. % 15.27 0.89 5.69 0.62
Rb2O= 76.8 3.1 ppm 15.60 0.66 5.82 0.63
H2O= 3.0 3.0 wt. % 15.98 0.78 5.96 0.65
16.45 1.62 6.13 0.67
Cosmic= 0.16 Gy/ka 17.19 0.88 6.41 0.70
depth = 4.8 m 17.89 1.56 6.67 0.72
latitude= 37 degrees (north positive) 18.76 0.77 6.99 0.76
longitude= -111 degrees (east positive) 19.99 1.30 7.46 0.81
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop A
USU-754 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop A Individual Aliquot Data
USU-754 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 3.20 0.74 1.23 0.30 2.76 0.64 1.06 0.26
CAM = 5.43 1.22 2.09 0.49 2.77 1.16 1.07 0.26
2.83 0.07 1.09 0.26
Median = 5.03 1.9 0.5 2.94 0.42 1.13 0.27
Min = 2.76 1.1 0.3 2.94 0.91 1.13 0.27
Max = 17.29 6.7 1.6 3.32 0.82 1.28 0.31
3.64 0.45 1.40 0.34
n accepted = 22 Aliquots 4.10 1.32 1.58 0.38
n run = 46 Aliquots 4.13 0.19 1.59 0.38
1 S.D. = 3.69 4.21 1.89 1.62 0.39
2 Standard error = 1.57 4.56 0.54 1.76 0.42
Random Errors= 23.26 % 5.51 0.84 2.12 0.51
Systematic Error= 5.89 % 5.74 0.12 2.21 0.53
Total Error= 23.99 % 5.86 0.56 2.26 0.54
Bin Width = 1.00 Gy 5.94 1.44 2.29 0.55
6.27 0.38 2.42 0.58
6.52 0.53 2.51 0.60
skew 1.66 9.02 0.58 3.48 0.83
kurtosis 2.91 9.98 1.99 3.85 0.92
mean/median 1.20 10.74 0.58 4.14 0.99
CAM/median 1.08 11.92 0.74 4.60 1.10
Overdispersion (%) = 49.7 ± 8.4 17.29 1.12 6.67 1.60
±
dose rate= 2.59 0.12 Gy/ka
U = 1.70 0.1 ppm
Th = 8.80 0.8 ppm
K2O = 1.69 0.04 wt. %
Rb2O= 66.4 2.7 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.25 Gy/ka
depth = 1.3 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop A
USU-755 Small aliquot
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
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Sample # Escalante, Outcrop A Individual Aliquot Data
USU-755 Small aliquot
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 9.48 0.79 3.33 0.35 8.74 1.77 3.07 0.33
CAM = 13.02 1.15 4.57 0.50 8.94 0.56 3.14 0.33
9.03 0.73 3.17 0.34
Median = 12.79 4.5 0.5 9.25 0.93 3.24 0.34
Min = 8.74 3.1 0.3 9.76 1.90 3.43 0.36
Max = 17.98 6.3 0.7 9.80 0.06 3.44 0.36
9.86 0.64 3.46 0.37
n accepted = 30 Aliquots 10.45 1.70 3.67 0.39
n run = 97 Aliquots 10.47 0.84 3.67 0.39
1 S.D. = 0.98 11.22 0.18 3.94 0.42
2 Standard error = 0.36 11.32 0.54 3.97 0.42
Random Errors= 8.73 % 11.40 0.63 4.00 0.42
Systematic Error= 6.03 % 11.84 0.48 4.15 0.44
Total Error= 10.61 % 12.74 1.84 4.47 0.47
Bin Width = 1.00 Gy 12.76 1.18 4.48 0.48
12.82 0.68 4.50 0.48
skew 0.58 13.56 0.51 4.76 0.50
kurtosis -0.32 13.82 0.48 4.85 0.51
mean/median 1.03 14.64 0.51 5.14 0.54
CAM/median 1.02 14.67 0.94 5.15 0.55
Overdispersion (%) = 23.0 ± 3.2 14.72 0.56 5.17 0.55
15.03 0.22 5.27 0.56
± 15.05 0.50 5.28 0.56
dose rate= 2.85 0.13 Gy/ka 15.23 0.31 5.34 0.57
U = 2.10 0.1 ppm 16.12 1.63 5.66 0.60
Th = 8.20 0.7 ppm 16.26 0.93 5.70 0.61
K2O = 2.08 0.05 wt. % 17.78 0.79 6.24 0.66
Rb2O= 87.1 3.5 ppm 17.98 0.86 6.31 0.67
H2O= 3.0 3.0 wt. % 20.46 0.50 7.18 0.76
20.51 0.44 7.20 0.76
Cosmic= 0.14 Gy/ka
depth = 6.2 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop I
USU-756 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-3); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-3)
0
1
2
3
4
5
6
7
8
9
10
11
12
0 2 4 6 8 10
Fr
eq
ue
nc
y
De (Gy)
Histogram
-5 0 5 10De (Gy)
PDF
Sum of Wtd De's
De's and errors
(a) (b)
(c)
221
Sample # Escalante, Outcrop I Individual grain Data
USU-756 Single grain
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
MAM-3 = 0.79 0.58 0.45 0.32 0.20 2.03 0.11 0.08
CAM = 1.56 0.58 0.88 0.33 0.38 1.64 0.22 0.16
0.39 0.79 0.22 0.16
Median = 0.94 0.5 0.4 0.42 0.91 0.23 0.17
Min = 0.20 0.1 0.1 0.57 0.18 0.32 0.23
Max = 4.04 2.3 1.6 0.67 0.41 0.38 0.28
0.74 2.06 0.41 0.30
n accepted = 19 grains 0.87 0.69 0.49 0.36
n run = 2000 grains 0.93 0.28 0.52 0.38
1 S.D. = 0.27 0.94 2.40 0.53 0.38
2 Standard error = 0.13 0.96 2.73 0.54 0.39
Random Errors= 72.55 % 1.48 0.59 0.83 0.60
Systematic Error= 5.84 % 1.55 1.15 0.87 0.63
Total Error= 72.78 % 1.78 0.51 1.00 0.73
Bin Width = 1.00 Gy 1.79 1.18 1.01 0.73
2.67 0.43 1.50 1.09
skew 1.15 2.83 1.09 1.59 1.15
kurtosis 0.66 2.93 1.89 1.64 1.19
mean/median 1.47 4.04 1.47 2.27 1.65
CAM/median 1.67
Overdispersion (%) = 48.3 ± 16.9
±
dose rate= 1.78 0.08 Gy/ka
U = 1.20 0.1 ppm
Th = 4.80 0.4 ppm
K2O = 1.17 0.03 wt. %
Rb2O= 50.2 2.0 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.25 Gy/ka
depth = 1.4 m
latitude= 37 degrees (north positive)
longitude= -111 degrees (east positive)
elevation= 1.90 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop B
USU-815 Single grain
De distribution represented in 3 figures.  (a) Histogram; (b) Probability density function (shaded red region 
represents the De ± 2 se chosen by the MAM-4); (c) Radial plot (gray region and central line = CAM, blue 
shaded region and central line = MAM-4)
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Sample # Escalante, Outcrop B Individual Grain Data
USU-815 Single grain
De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 0.35 1.09 0.19 0.14
MAM-4 = 1.90 1.39 1.02 0.75 0.54 2.59 0.29 0.21
CAM = 3.56 0.55 1.92 1.40 0.58 2.15 0.31 0.23
0.62 1.89 0.34 0.25
Median = 2.34 1.3 0.9 0.65 2.33 0.35 0.26
Min = 0.35 0.2 0.1 0.76 1.76 0.41 0.30
Max = 8.73 4.7 3.4 0.78 2.55 0.42 0.31
0.88 2.25 0.48 0.35
n accepted = 72 grains 0.93 3.06 0.50 0.37
n run = 2800 grains 1.09 0.46 0.59 0.43
1 S.D. = 3.22 1.17 1.35 0.63 0.46
2 Standard error = 0.76 1.21 1.83 0.65 0.48
Random Errors= 73.02 % 1.35 0.41 0.73 0.53
Systematic Error= 6.25 % 1.36 1.63 0.73 0.54
Total Error= 73.29 % 1.37 2.88 0.74 0.54
Bin Width = 1.00 Gy 1.39 1.94 0.75 0.55
1.41 1.09 0.76 0.56
skew 1.22 1.41 1.39 0.76 0.56
kurtosis 0.78 1.51 2.24 0.82 0.60
mean/median 1.25 1.52 2.73 0.82 0.60
CAM/median 1.52 1.61 1.66 0.87 0.64
Overdispersion (%) = 43.6 ± 6.7 1.67 1.51 0.90 0.66
1.68 2.21 0.91 0.66
± 1.71 1.14 0.92 0.68
dose rate= 1.86 0.09 Gy/ka 1.79 1.19 0.97 0.71
U = 1.50 0.1 ppm 1.79 2.35 0.97 0.71
Th = 4.10 0.4 ppm 1.81 0.94 0.97 0.71
K2O = 1.40 0.03 wt. % 1.84 1.20 0.99 0.73
Rb2O= 55.9 2.2 ppm 1.85 0.66 0.99 0.73
H2O= 3.8 3.8 wt. % 1.93 0.89 1.04 0.76
Cosmic= 0.13 Gy/ka 1.93 0.97 1.04 0.76
depth = 6.5 m 1.96 1.20 1.05 0.77
latitude= 37 degrees (north positive) 1.96 0.70 1.06 0.77
longitude= -111 degrees (east positive) 2.13 0.70 1.15 0.84
elevation= 1.80 km asl 2.26 2.60 1.22 0.89
2.26 2.00 1.22 0.89
Notes:  Quartz SAR OSL age following Murray and Wintle, 2000 2.41 0.93 1.30 0.95
2.42 2.49 1.31 0.96
2.45 1.46 1.32 0.97
2.48 2.16 1.34 0.98
2.53 1.11 1.36 1.00
2.56 1.92 1.38 1.01
2.62 2.08 1.41 1.03
2.62 1.29 1.41 1.04
2.68 1.00 1.44 1.06
2.71 0.96 1.46 1.07
2.94 0.83 1.59 1.16
3.10 1.40 1.67 1.22
3.15 1.79 1.70 1.24
3.22 1.20 1.73 1.27
3.50 0.47 1.89 1.38
3.51 0.47 1.89 1.39
3.76 1.10 2.02 1.48
3.80 0.82 2.05 1.50
3.87 0.93 2.09 1.53
4.08 0.87 2.20 1.61
              CAM and MAM from Galbraith et al., 1999
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Sample # Escalante, Outcrop B Individual Grain Data
USU-815 Single grain
4.20 0.84 2.26 1.66
4.36 0.99 2.35 1.72
4.43 1.12 2.39 1.75
4.49 1.34 2.42 1.77
5.32 1.21 2.87 2.10
5.58 0.90 3.01 2.21
5.65 0.83 3.04 2.23
5.69 1.19 3.07 2.25
6.27 1.87 3.38 2.47
6.64 1.53 3.58 2.62
6.78 0.42 3.65 2.68
6.81 1.37 3.67 2.69
7.95 2.70 4.28 3.14
7.98 1.20 4.30 3.15
8.44 0.68 4.55 3.33
8.73 0.50 4.70 3.45
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Appendix B. Stratigraphic Sections 
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